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Editorial on the Research Topic
 Current Advances in Soft Robotics: Best Papers from RoboSoft 2018



The field of Soft Robotics extends the notion of conventional robotics by using material and actuation systems that go beyond rigid body parts and electric motors. Often, soft robots are inspired by soft and compliant structures in biological creatures. The result is a new, remarkable set of systems and solutions with high dexterity, reconfigurability, multi-functionality, and robustness. Furthermore, the Soft Robotics approach enables us to build mechanisms for growing and healing. Soft Robotics opens a new design space by developing and using novel materials and manufacturing approaches. The Soft Robotics community takes inspiration from nature and employs a highly multi-disciplinary approach involving several disciplines such as Material Science, Chemistry, Applied Mathematics, Physics, Biology, Control Theory, and Computer Science, etc. As a results, Soft Robotics can provide novel solutions for challenges that weren't possible or hard to overcome with conventional, rigid approaches. However, using soft technologies also poses new challenges, especially, related to sensing and actuation, modeling and control, and manufacturing and durability. Soft Robotics is a research field still in its infancy, but it has remarkable potential. Nevertheless, it still has to overcome a number of challenges before it can deliver off-the-shelf solutions. To address these challenges and form a community, the first IEEE international conference of Soft Robotics (RoboSoft 2018) was organized in Livorno (Italy) on 24-28 April 2018. This special issue includes 10 articles from this conference which have been picked by a committee. These papers highlight some of the challenges and new trends of the field.

For example, Soft Robotics is at the frontier of bio-inspiration. It uses solutions found by natural evolution as a source of inspiration. Along this lines, Del Dottore et al. proposed a kinematic model for the tip motion of growing robots to navigate 3D environments while negotiating confined spaces and large cavities by adapting their body. However, bio-inspiration can go even beyond simply copying biological systems. Chen et al. introduced RUBIC (the Rolling, Untethered, Ballooning, Intelligent Cube) uses controlled inflation to roll from one face of the cube to another, in any one of four planar directions. The result is a safe and predictable locomotion in complex environments. Another challenge is to design soft sensors and actuators. They must be flexible themselves. Furthermore, an integrated manufacturing approach is required to guarantee higher durability and repeatability of the system. Yirmibeşoğlu et al. showed the superior reliability of 3D printed pneumatic actuators with their molded counterpart made of polydimethylsiloxane (PDMS) when exposed to high radiation. For soft sensing, especially proprioceptive sensing capabilities are needed for precise motion and deformation control. The paper by Shih et al. presents a method which exploits 3D printing technology and commercial available 3D printing material to integrate resistive sensors in soft actuators. This provides a fully integrated system with proprioceptive capability and high repeatability. Soft actuation is another challenges. The field offers a wide range of possible approaches, like Dielectric Elastomer Actuators (DEA), Shape Memory alloy (SMA), and many other. For example, Minaminosono et al. use DEA to design a soft rotational motor that continues to function even under deformation. Cao et al. use DEAs to build a Micro Air Vehicle. It takes inspiration from insects that use their elastic thorax and muscle system as a damped oscillator to flap their wings at resonant frequency. The paper successfully demonstrated the use of DEA technology to implement such a design. While softness provides new capabilities, it also inherently carries new limitations. For example, compliant materials are often lacking durability, which is a key requirement for industrial systems. Dåmmer et al. proposed a Finite Element Approach framework for the optimized design of polyJet-printed bellows actuators and showed that a design made of Agilus30™soft material could withstand more load cycles, but suffer from material characteristic time dependency compared to one with TangoBlackPlus™material. Application-specific designs are another direct pathway for soft robots into real-world applications. Gong et al. presented an underwater robot equipped with a pneumatic manipulator benefiting from an opposite-bending-and-extension mechanism for delicate manipulation of irregularly shaped seafood animals of different sizes and stiffness at the bottom of the natural oceanic environment. Precision, often required in real-world scenarios such as surgical interventions, asks for high-stiffness modes in soft robot. Brancadoro et al. investigated fiber jamming transition as an effective technological approach for obtaining variable stiffness in slender soft structures. Finally, control challenges posed by soft robot composed of irregular shapes, and complex deformations are also one of the bottlenecks for industrial deployment. Learning-based control methods can offer flexibility and precision without a detailed theoretical model of the robot. Hyatt et al., for example, investigated model-based control of a pneumatic actuator using learned nonlinear discrete-time models and showing the potential of combining empirical modeling approaches with model-based control.

This special issue is a snapshot of current challenges in Soft Robotics. It highlights the great potential of the field, but also shows the number of exciting research questions it can offer. This includes the use of bio-inspiration, the development of novel soft actuation, sensing and computation capabilities, the integration of various materials with the help of novel manufacturing approaches, and the search for improved model and optimization frameworks, and many others. Using a highly interdisciplinary approach Soft Robotics has significantly extended the tool box for robot design and, therefore, enabled solutions to previously unsolved problems. We have now potential solutions at our fingertips for safe human-robot interaction, non-invasive surgery, robust autonomous locomotion, soft grippers for agricultural application, safe rehabilitation systems, haptic interfaces, and many others. The field is growing fast and soon Soft Robotics will be an integral part of a the common robotics approach.
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In the last two decades, insect-inspired flapping wing micro air vehicles (MAVs) have attracted great attention for their potential for highly agile flight. Insects flap their wings at the resonant frequencies of their flapping mechanisms. Resonant actuation is highly advantageous as it amplifies the flapping amplitude and reduces the inertial power demand. Emerging soft actuators, such as dielectric elastomer actuators (DEAs) have large actuation strains and thanks to their inherent elasticity, DEAs have been shown a promising candidate for resonant actuation. In this work a double cone DEA configuration is presented, a mathematic model is developed to characterize its quasi-static and dynamic performance. We compare the high frequency performance of two most common dielectric elastomers: silicone elastomer and polyacrylate tape VHB. The mechanical power output of the DEA is experimentally analyzed as a DEA-mass oscillator. Then a flapping wing mechanism actuated by this elastic actuator is demonstrated, this design is able to provide a peak flapping amplitude of 63° at the frequency of 18 Hz.

Keywords: flying robots, bio-inspired robotics, insect flight, electro-active polymer, dielectric elastomer actuator, resonance


INTRODUCTION

In the last two decades, insect-inspired flapping wing micro air vehicles (MAVs) have attracted significant research interest for their potential for highly agile flight. Many MAV designs have been developed, such as Microrobotic Fly , DelFly (De Croon et al., 2009) and Robotic hummingbird (Keennon et al., 2012). One challenge all flapping wing MAV researchers have been facing is the extremely high power demands required for autonomous flight at micro scales. In nature, insects solve this problem by taking advantage of their elastic thorax and muscle system as a damped oscillator and flap their wings at its resonant frequency . Most species of flying insects utilize indirect flight muscles called dorsoventral (dvm) and dorsolateral (dlm) muscles to elevate and depress their wings, respectively, as illustrated in Figures 1A,B. The muscles are described as indirect as instead of directly driving the wings, they deform the highly elastic notum, the top plate of the thorax, which then drives the wings through the pleural wing process. Insects naturally excite this natural oscillator at its resonant frequency which amplifies the flapping stroke and greatly reduces inertial power demands . In conventional robotic technologies, actuators and power transmission mechanisms are all rigid, in order to incorporate elasticity into the MAV designs, additional elastic elements have to be added, which increase the weight and complexity of the system. To date, only few studies have utilized resonant excitation in flapping wing MAV designs [see e.g., (Baek et al., 2009; Bolsman et al., 2009; Zhang and Deng, 2017)]. By adding a spring to a motor driven flapping wing MAV, Baek et al. (2009) showed a 30% average power reduction by driving the MAV at its resonance. Microrobotic Fly utilized the inherent elasticity of piezoelectric actuator and achieved a tethered flight at the resonant frequency of this system of 110 Hz. A comprehensive review on flapping wing MAV designs with integrated elastic elements can be found in Zhang and Rossi (2017).


[image: image]

FIGURE 1. Transverse view of the thorax of a typical indirect flight insect. The dorsoventral (dvm) and dorsolateral (dlm) muscles elevating (A) and depressing (B) the wings indirectly via the notum and pleural wing process (redrawn from Pringle, 1957).



Emerging soft actuators, such as dielectric elastomer actuators (DEAs) offer an alternative paradigm for designing flapping wing MAVs. Firstly, as an actuator, a DEA can generate large linear actuation strains that are comparable and even greater than muscles. Secondly, as an elastomer, the inherent elasticity of this material makes it capable of storing and releasing elastic energy, which is like the highly efficient elastomeric protein (resilin) found in the thorax of insects (Dudley, 2002). The large linear stroke and the inherent elasticity make DEA ideal for a novel flapping wing MAV design that mimics the resonant actuation found in insects without the complex transmission mechanisms and any additional elastic elements found in conventional flapping wing MAV designs. Another advantage of DEAs for MAV applications is the good scaling capability. Miniaturizing DEAs can be fairly easy, DEA membranes with the thickness of hundreds of nanometers have been reported (Töpper et al., 2015; Weiss et al., 2016), and multiple layers of DEA membranes can be stacked to generate a lager force and power output (Carpi et al., 2007; Kovacs et al., 2009). To date, only few DEA actuated flapping wing MAVs have been developed [see e.g., (Burgess et al., 2009; Henke et al., 2017; Lau et al., 2017)]. Lau and his co-workers (Lau et al., 2014, 2017) have developed rolled and stacked DEAs to flap the wings and these two designs demonstrated a flapping stroke of 10 and 2°, respectively at 1 Hz. Henke et al. (2017) have demonstrated a dragonfly-like flapping robot using a minimum energy structure mechanism and the flapping stroke is estimated to be about 15° at a few hertz. It should be noted that no aforementioned DEA-driven flapping mechanisms has utilized resonant actuation and the generated stroke and frequency are far from being high enough to enable flight. In contrast, insects have a typical flapping stroke of 120° and frequencies of 20 to over 200 Hz depending on the size of the species (Brodsky, 1994). In this work, we present a DEA-driven flapping wing MAV design which seeks to achieve a larger stroke amplitude and wingbeat frequency by utilizing the resonance actuation of DEAs. The concept of this design is illustrated in Figures 2A,B which is clearly inspired by the insect elastic thorax.


[image: image]

FIGURE 2. (A) Proposed flapping mechanism where the antagonistic linear double cone DEA is attached to the frame and drives the wings via a transmission mechanism. (B) Schematic design of a double cone actuator with the inner frame radius, b, and spacer height, L, labeled.



This paper is organized as follows. In section Double Cone Linear DEA Design, the design of the double cone linear actuator is introduced. The performance of two types of elastomers for DEAs in high frequency domain at which insect inspired MAV operate is compared. Analytical model is developed to predict the quasi-static performance of the double cone DEA and a spring-mass model is used to characterize its natural frequency. In section Power Output of the Double Cone DEA, we investigate the mechanical power output of the DEA as a function of actuation frequency. Then in section Flapping Wing MAV Design the resonant actuation of the DEA on a flapping mechanism is investigated. Finally, conclusions and future work are discussed.



DOUBLE CONE LINEAR DEA DESIGN


Design Overview

In this work, a double cone DEA configuration is employed as was developed in Choi et al. (2003) and Conn and Rossiter (2012). The general concept involves two dielectric elastomer membranes being separately bonded to two circular frames with a protrusion from a strut deforms the center of the membranes out-of-plane to form a double cone shape, as shown in Figure 2. The two membranes can be actuated separately to achieve bidirectional actuation. Apart from the advantage of natural agonist-antagonist configuration, the double cone DEA design also has a good compactness, high mass-specific energy density and can be fabricated consistently. The actuation principle of a double cone DEA is explained as follows. Due to the similar geometry and stretch ratio, top and bottom membranes exert an equal reaction force on the strut, which makes the strut balance in the middle (assuming the weight of the strut is negligible). However, when an electric field is applied on one membrane, the generated Maxwell stress reduces the force exerted by this membrane, the imbalance in forces drives the strut toward the actuated membrane side until another force equilibrium is achieved. As the Maxwell stress is directly related to the electric field applied to the DEA, electric fields in the range of 50–100 V/μm are usually used.



Actuator Material Characterization

Polyacrylate tape VHB (3M) and silicone elastomers are the two predominant DEA materials. VHB has the advantages of large energy density and actuation strain (Carpi et al., 2011), its inherent adhesiveness and wide commercial availability also make it ideal for DEA prototyping. A potential drawback of VHB elastomer is its high viscoelasticity which limits the actuation bandwidth. On the other hand, silicone elastomers typically have a lower viscoelasticity, which makes them potentially more suitable for high frequency applications, such as MAVs where the frequency is usually over 10 Hz. The low viscoelasticity of silicone elastomers also makes them more likely to achieve resonance than VHB. To determine which material is more suitable for MAV applications, in this work, we compare the performance of VHB 4905 against an off-the-shelf silicone membrane (PARKER EAP 40 μm).

The fabrication process of the double cone DEA is described as follows. For VHB based DEA, a 0.5 mm thick VHB 4905 membrane was stretched biaxially by 4 × 4 and then bonded to a rigid acrylic frame with an inner radius b. For the silicone DEA, the elastomer membrane has an initial thickness of 40 μm, it was bonded to a 0.1 mm thickness Mylar ring using silicone adhesive (Smooth-On Sil-Poxy) without any pre-stretch and then attached to the acrylic frame. No pre-stretch was introduced to the Parker silicone elastomer as the out-of-plane deformation can introduce significant stretch on the membrane. In our previous study, the Parker silicone double cone DEAs with no pre-stretch showed the highest stroke and work output (Cao and Conn, 2018). Second, carbon conductive grease (M.G. Chemicals Ltd) was used as the compliant electrodes and was applied using a fine brush. Copper tape was used to connect the compliant electrodes and high voltage cables. Finally, the two circular frames were connected together using nylon fasteners. One nylon spacer with a height L was used as the support strut to deform the DEA membranes. The DEA components are shown in Figure 2.

In this work, the dynamic performance of the double cone DEAs is characterized by the free stroke as a function of the excitation frequency. The experiment followed the protocol suggested in Carpi et al. (2015) and is described as follows. Two double cone DEA specimens were fabricated, one using Parker silicone elastomer and the other one using VHB 4905. The geometries of the two specimens are identical, where the radius of the actuator membrane b = 20 mm and the strut height L = 30 mm. The frames of the actuator were fixed to the testing rig, while leaving the nylon spacer free to move. For each DEA, the two membranes were driven by two 180° out-of-phase sinusoidal voltage actuation waves with the amplitude of 1,920 V for Parker silicone membranes and 2,500 V for VHB (which equates to a nominal electric field of 60 and 100 V/μm, respectively). A frequency sweep from 1 to 100 Hz with a step of 5 Hz (step was reduced to 2 Hz near resonance) were conducted and at each frequency, 50 cycles were repeated to allow the actuator to reach a steady state. The actuation signals were generated using MATLAB (MathWorks) and sent to a high voltage amplifier (Ultravolt 5HVA23-BP1) via a DAQ (National Instruments BNC-2111). A laser displacement sensor (LK-G152 and LKGD500, Keyence) was used to measure the displacement of the DEA.

The displacement amplitudes of the DEAs and the phase differences between the input (actuation voltage) and output (displacement) signals against excitation frequency are shown in Figures 3A,B. As can be seen in Figure 3A, at low frequencies, both silicone and VHB specimens have a stroke close to 2 mm. Two peaks can be observed for silicone DEA specimen at 20 and 52 Hz, respectively. The first peak has a lower amplitude of 3 mm while the second peak has the amplitude of 7.1 mm, and is the mechanical resonant frequency of this specimen. The two amplitude peaks for silicone cone DEAs also have been demonstrated by Rizzello et al. (2015a,b) and is believed to due to the non-linearity of the Maxwell pressure (Maxwell pressure is proportional to the square of the actuation voltage) and this complex electro-mechanical dynamic phenomenon will be investigated further in the future. The amplitude at the resonance of this silicone DEA is over 355% than that at low frequencies (<10 Hz). The amplitude of the VHB specimen reduces continuously with the increasing actuation frequency and no peak was observed, this is due to the significant viscoelasticity of the material. As pointed out by Carpi et al. (2015) that, for high viscous damping materials which have no amplitude peak, the resonant frequency can be determined by the value that causes a phase shift of 90°. From Figure 3B, a 90° phase shift is found at 52 Hz for both silicone and VHB specimens. Which indicates that 52 Hz is the mechanical resonant frequency for both Parker silicone and VHB samples. This experiment clearly shows that silicone elastomer is superior to VHB for this double cone DEA configuration at in terms of bandwidth and resonant actuation thanks to its low viscous damping. In later sections, Parker silicone elastomer will be adopted for double cone DEA design.


[image: image]

FIGURE 3. Frequency sweep experiment for Parker silicone and VHB double cone DEA. (A) Amplitudes of the silicone and VHB specimen against actuation frequency. (B) Phase difference of the input and output signals of the silicone and VHB specimen against actuation frequency.





Double Cone DEA Model

In this section we present a double cone DEA mathematic model. Hodgins et al. (2014) and Rizzello et al. (2015a,b) have developed approximated mathematical models to characterize the performance of conical DEAs with biasing springs and biasing mass. In their simulations, two important simplification assumptions were made, the first being a truncated cone shape approximation and the second involves homogeneous stress distribution on the membrane. However, as have been shown by an analytical model developed by He et al. (2010), Wang et al. (2016), and Wang (2018), the membrane deformation is in fact non-truncated and the stress distribution on the membrane is inhomogeneous. By utilizing this analytical approach, Bortot and Gei (2015) attempted to maximum the harvested energy of a cone DE generator by tuning the pre-stretch, geometrical ratio and intensity of maximum external load. Here we adopt this approach which is able to characterize the complex deformation and stress distribution on a conical DEA. We extend this to characterize double cone DEAs quasi-statically, and the simulation is then verified against experiments. Due to the extremely high computational cost to use this approach in a dynamic manner, we then use a simplified mass-spring oscillator model to predict the dynamic performance of this actuator.

Quasi-Static Model

As can be seen from Figure 2, the double cone configuration is in fact two pre-deformed single cones with an inertial load (Nylon spacer in this case). Due to the symmetry of the top and bottom cones, we will analyse a single cone first. A piece of elastomer membrane with an initial thickness T is first pre-stretched biaxially by a stretch ratio of λp. Then this pre-stretched membrane is bounded to a rigid ring with the radius b and an inner disk of radius a, as shown in Figure 4A. Compliant electrodes are coated on both sides of the membrane. A force F moves the inner disk out-of-plane relative to the outer ring by a distance h with an actuation voltage V applied across the electrodes. The membrane is deformed into a conical shape, as illustrated in Figure 4B. Due to this out-of-plane deformation, a particle on the membrane at position R (as marked red Figure 4A) now moves to the position of [r(R), z(R)] in Figure 4B, where r is the current radius and z is the distance to the undeformed plane. The coordinates of (r, z) for R = [a, b] describe the geometry of the conical DEA, and a summarize of this model is presented as follows [after (He et al., 2010) and adopted from Cao and Conn (2018)].


[image: image]

FIGURE 4. The conceptual illustrations of a single cone DEA. (A) Pre-stretched membrane is bonded to a rigid ring and a central disk. (B) DEA membrane deforms out-of-plane with the existence of a force F and a voltage V.



The state of the point R (r ,z ,θ) can be expressed as

[image: image]

[image: image]
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where s1 and s2 are the nominal longitudinal and radial stress, respectively and [image: image] is the radial stretch due to the out-of-plane deformation.

In quasi-static state, the external force F and the reaction force exerted by the deformed membrane are balanced, and this relationship gives

[image: image]

where σ1 = λ1s1.

The three differential equations (1–3) and an algebraic equation (4) govern the state of the DEA and are numerically solved in MATLAB using shooting method and “ode15” function.

This model can be used in two ways such that if the force F and voltage V are given, this model can predict the out-of-plane deformation h of the single cone DEA, or if the out-of-plane deformation h and the voltage V are known, this model can predict the force F. This model can be extended to a double cone DEA by the constrain: the sum of the out-of-plane deformation of the two membranes h1 and h2 is a constant value L. The physical meaning of this constrain is that as the out-of-plane deformation for a double cone DEA is caused by the spacer (as shown in Figure 2), the total deformation of the two membranes should always be the length of the spacer L. For a given deformation of the double cone DEA, the force exerted by the DEA can be solved using this model as -F1+F2 where F1 and F2 the forces exerted by top and bottom membranes, respectively.

Quasi-Static Model Validation

The stress–strain relationship of the silicone elastomer is described using the Ogden hyperelastic model (Ogden, 1972) in this work, as written in equation (5). In order to obtain the parameters in the Ogden model, a pure-shear pull test was conducted on a sample of the elastomer. Figure 5 shows the experimental result and the fitted Ogden model. The model agrees very well with the measured data with the parameters of [image: image], [image: image], α1 = 2 and α2 = 4.

[image: image]

To verify the quasi-static model developed, three double cone DEAs with the spacer heights L = 20, 25 and 30 mm were used. The pre-stretch ratio is 1.0 × 1.0, a = 4 mm and b = 20 mm. The DEA was fixed to the testing rig and was deformed from its equilibrium position by a linear rail at a speed of 0.01 mm/s to eliminate the effect of viscosity. The experimental setup is illustrated in Figure 6 and the experimental results are shown in Figure 7. The model agrees very well with the experimental results. Despite the non-linearity of the elastomer, the double cone DEA demonstrates an approximated linear passive force-displacement relationship, which means the stiffness of the actuator is approximately constant.


[image: image]

FIGURE 5. Pure shear test of the silicone elastomer and the Ogden model fit.




[image: image]

FIGURE 6. Double cone DEA passive quasi-static test setup.




[image: image]

FIGURE 7. Passive quasi-static experimental results and model predictions. L = 20, 25, 30 mm.



Double Cone DEA Resonance Characterization

In the last section, we have shown that a double cone DEA has an approximated linear force-displacement relationship, and can be treated as a linear spring. In dynamic actuation, this DEA can be simplified as a linear spring with an inertial load (mass of the spacer and any additional inertial load connected to the spacer). This configuration is very similar to that of a mechanical undamped oscillator, hence for dynamic characterization, in this work we simplify the DEA-mass oscillator as a linear undamped oscillator. As a result, the natural frequency f 0 of the DEA-mass oscillator can be expressed as [image: image], where K (N/m) is the approximated stiffness of the DEA and M (kg) is the mass of the spacer and any payload in the undamped oscillator (assuming the mass of the DEA membranes is negligible). The damping ratio of the DEA is neglected in the natural frequency characterization as the Parker silicone elastomer shows very low viscoelasticity thus we assume effect of damping from the elastomer can be negligible and the good agreement between the model prediction and experimental results suggests that this assumption holds.

To verify the simplified dynamic model, five DEA-mass oscillator specimens were fabricated with different stiffness and mass values. To adjust the stiffness K of these specimens, different spacer length L were used, as the spacer becomes longer, the two DEA membranes deform out-of-plane further and causing an increase in the stiffness K. The stiffness was also adjusted by adding a second layer of elastomer on the DEA. By adding an additional layer of membrane with the same pre-stretch to both top and bottom cones, the stiffness is doubled. The payload was adjusted by adding nuts to the spacer. Table 1 lists the detailed values of the stiffness and mass of the five specimens, as well as their model predicted and measured resonant frequencies. The predicted resonant frequencies show a very good agreement with the experimental results with an average relative error of 1.98%. The promising results confirm that the linear spring simplification and the negligible damping ratio assumption hold. By comparing the five specimens, it can be noticed that the DEAs with heavier payload and lower stiffness have larger amplitudes at their resonance.



Table 1. Comparison of the measured and model predicted resonant frequencies for the five DEA-mass oscillators.
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POWER OUTPUT OF THE DOUBLE CONE DEA


Mechanical Power Output Against Excitation Frequency

High power output from the actuator is crucial for flapping wing MAV designs. The large amplitude of the silicone double cone DEA at its resonance could lead to a high power output. In this section, we investigate the mechanical power output of the silicone double cone DEA against its excitation frequency. Stacking multiple layers of DEA membranes have been shown to be able to amplify the force output of a DEA (Carpi et al., 2007; Kovacs et al., 2009). So in addition to exploiting resonance, increasing the number of layers of the DEA membrane may also increase the power output of the DEA. In this section, we also analyze the effect of layer numbers to the power output of the actuator. As increasing the number of layers will also increase the stiffness and the resonant frequency, in order to the keep the resonant frequency constant and ensures a consistent comparison, the payload also increases together with the layer number (recall that [image: image], as K increases, the mass M should increase with the same ratio to ensure a constant f 0). As the DEA-mass system oscillates, the instant mechanical power output is written as [image: image], where x is the displacement of the payload and t is time. The average mechanical power output is simply [image: image], where T is the period of one actuation cycle.



Experiment and Results

Four silicone double cone DEA specimens with different numbers of layers of membranes were fabricated, each specimen has the same frame radius b of 13 mm and the spacer height L of 13 mm. As discussed in previous section, to keep the resonant frequency constant, the payload has to increase with the layer numbers. Hence for the four specimens with 2, 4, 6 and 8 layers of silicone membranes, the payload for each specimen is 1, 2, 3 and 4 grams, respectively, which results in a constant resonant frequency of 45.8 Hz predicted by the dynamic model. Each layer includes Parker silicone elastomer, Mylar ring frame, carbon grease electrode and copper tape connection, the total mass is 0.12 g. Same frequency sweep from 1 to 100 Hz as described in Section Double Cone Linear DEA Design was conducted, and the experimental data was analyzed in MATLAB.

Figure 8 shows the measured average mechanical power output of each specimen against the excitation frequency. It can be noticed that at low frequencies (<35 Hz), the DEA outputs very low mechanical power. Then the average mechanical power output increases rapidly as the excitation frequency increases and peaks at the resonant frequency. The power output then drops when the excitation frequency is greater than the resonant frequency. Figure 9 shows the time series of the displacement of the payload, the kinetic energy of the payload and the elastic energy stored in the elastomer at the resonance of the 2 layers DEA specimen. It is clear that at resonance, a close to 90° phase shift can be observed between the elastic energy stored in elastomer and the kinetic energy of the payload, which means that when each half stroke starts, the elastic energy of the elastomer is converted into the kinetic energy of the payload, this gives the mass a higher acceleration and faster velocity, hence a larger mechanical power output. When the mass approaches the end of a half stroke, its kinetic energy is converted into the elastic potential energy in the membranes, which is then released in the next half cycle. Apart from increasing the mechanical power output of the DEA, elastic energy recovery can also increase the efficiency, a detailed elastic energy recovery study on double cone DEAs can be found in Cao and Conn (2017).


[image: image]

FIGURE 8. Average mechanical power against excitation frequency for 2, 4, 6, and 8 layers of double cone silicone DEAs. Resonant frequency is fixed at about 46 Hz.




[image: image]

FIGURE 9. Time series of the displacement, kinetic energy of the mass and elastic potential energy in the DEA membrane at its resonance. Kinetic energy and elastic energy are 90° out-of-phase.



From Figure 8, by comparing the mechanical power output of the four specimens, increasing the number of layers can increase the mechanical power output of a DEA. It should be noted that increasing the layer numbers also increases the capacitance of the DEA which increases the payload on the high voltage amplifier hence the maximum number of layers can be added is restricted by the high voltage amplifier (current amplifier has a maximum power output of 1 W). Table 2 compares the average mechanical power output of the DEAs of 2, 4, 6, and 8 layers of membranes and the mass-specific powers at their resonant frequency, the mechanical power scaled up with the layer number as expected. However, maybe due to the increase in capacitance and the connection issue between DEA electrodes and high voltage channels, n layer specimens (n > 2) did not generate as much mechanical powers as n/(n = 2) times than the 2-layer one. The mass-specific power, which is the mechanical power output divided by the total mass of the actuator, is about 100 mW/g at resonance. By comparison, the mass-specific power of insect flight muscle is estimated to be between 80 to 83 mW/g (Lehmann and Dickinson, 1997; Tu and Daniel, 2004). Piezoelectric actuators can have a mass-specific power as high as 400 mW/g (Steltz and Fearing, 2007), however, the actuation strokes is very low (<1%) and only this high mass-specific power is only achieved at high frequencies (say > 100 Hz) (Huber et al., 1997). On the contrary, the double cone DEA presented in this work has a very large stroke at its resonance (e.g., 99% stroke relative to the height of the DEA in Figure 9), it also has a mass-specific power close to insect flight muscle and an actuation bandwidth close to medium to large insect species, which makes it ideal for insect-inspired flapping wing MAV applications.



Table 2. Average mechanical power at resonance and the corresponding mass-specific power of 2, 4, 6, and 8 layers of double cone silicone DEA.
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FLAPPING WING MAV DESIGN


Design Overview

In this section we present a double cone DEA driven flapping wing MAV design with no additional elastic element added since the elasticity is embedded in the actuator itself. A schematic illustration of this design is shown in Figure 10 with all the parameters listed in Table 3. In the last section we have shown that increasing the number of layers of DEA membranes can increase its mechanical power output, as a result, in this MAV design, eight layers of silicone elastomer were used to ensure a good power output from the actuator. The flapping mechanism includes a slider crank mechanism which converts the linear motion of the DEA into a reciprocal flapping motion and a double rocker mechanism to amplify the flapping stroke. Singularities are avoided by including two mechanical stops the slider. It should be pointed out that since the aim of this design is to demonstrate the concept of a DE resonator driven flapping wing MAV in benchtop tests and hence no optimization has been done to the size and weight of this mechanism to achieve free flight.


[image: image]

FIGURE 10. Schematic diagram of the DE resonator driven flapping wing MAV design (not to scale).





Table 3. Design parameters and values for the flapping wing MAV design.

[image: image]






Flapping Tests and Results

The experimental setup is similar to that of the DEA-mass dynamic test. The flapping wing MAV was fixed to the testing rig and two square waves with an amplitude of 1,920 V and 180° phase shift were used to drive the antagonistic DEA membranes. An actuation frequency from 1 to 50 Hz with the steps of 5 Hz (step was reduced to 2 Hz near amplitude peak) was tested. The experiments were recorded by a camera (GoPro Session 5) at 100 frames-per-second. The stroke of the DEA was measured by the laser displacement sensor and the flapping stroke was estimated based on the DEA stroke and the DEA to flapping transmission ratio of this mechanism and verified against video footage (example video in Supplementary Materials).

In the first test, wings were not included to the mechanism, hence the DEA actuated the mechanism only. As is shown as the blue curve in Figure 11, the rotational stroke of this mechanism increases with the increasing actuation frequency first and peaks at a frequency of 34 Hz. The stroke then begins to reduce as the frequency increases further above 34 Hz, this is due to the inertia of the linkages and frictional loss.


[image: image]

FIGURE 11. Flapping strokes of the MAV against excitation frequency with no wing connected, wing frames only and full wings attached.



In the second test, only the wing frames were connected to the flapping mechanism, which introduced the inertia of the wings to this system. No aerodynamic force was included in this set of experiment. As is shown in red dash curve in Figure 11, the inertia of the wings lowers the resonant frequency from 34 to 22 Hz, the flapping stroke is also reduced from 96 to 83°. Above the resonant frequency, the flapping stroke drops sharply as the frequency increases.

In the last test, wing membranes were included, which introduces aerodynamic drag to the system. The aerodynamic force reduces the peak flapping stroke to 63° at 18 Hz. Figure 12 shows the flapping wing MAV with full wings attached at its top and bottom stop at 18 Hz. The measured displacement of the DEA and the estimated flapping angle of the mechanism at 18 Hz are shown in Figure 13A, as can be seen, despite that a square wave was applied to the DEA, the displacement is approximately sinusoidal.


[image: image]

FIGURE 12. DEA driven flapping wing MAV with full wings attached at 18 Hz, showing upper (a) and lower (b) stroke reversal.




[image: image]

FIGURE 13. (A) The displacement of the DEA (measured) and the flapping angle (estimated) at 18 Hz. (B) the speed ratio of the four-bar mechanism.



An empirical equation that describes the mass that can be supported during hovering is given by Ellington (1999) in Equation 6, based on this equation, the current prototype can generate a lift of about 133 mg.

[image: image]

where m is mass (kg), ∅ is flapping stroke (rad), n is frequency (Hz), R is the wing length (m), CL is the lift coefficient (CL = 2 to 3 for insect hovering) and AR is the aspect ratio of the wing.



Discussion

The MAV test shows promising initial results for DEA driven flapping wing MAVs, however, it also suggests that to achieve hovering, significant improvements have to be made in both DEA designs and flapping mechanism optimizations. As the empirical aerodynamic equation (equation 6) suggests, to generate sufficient lift for a 10 g flapping wing MAV to achieve hovering flight, and by assuming the stroke amplitude φ = 120° and AR = 7 [commonly seen in flying insects ], the MAV has to flap its wings at 100 Hz for a wing length of 40 mm or at 20 Hz for a wing length of 80 mm. For DEAs with multiple layers stacked together, due to its large RC time constant (τ = RC, where R is the resistance and C is the capacitance), it is favorable to actuate the DEAs at relatively low frequencies which will allow sufficient charging and discharging periods. As a result, a DEA actuated MAV with a pair long wings and a low resonant frequency possibly are preferred. Based on this discussion, further development can be made several key areas. First is to improve the electrode conductivity using alternative materials, such as carbon nanotubes [such as in Yuan et al. (2008)]. The reduction in the surface resistant of the DEA will improve its RC time constant, which means the actuator can respond faster to the input signal thus increasing the mechanical power output. Second is to optimize the coupling between the DEA and flapping mechanism so that long wings are used, and the resonance frequency is tuned at a relatively low value (say 15–25 Hz). Last but not least, the flapping mechanism can be optimized in terms of speed ratios by adjusting the link ratios. In Figure 13B, the speed ratio of the flapping wing mechanism against the displacement of the DEA is plotted. It can be noted that the two reversals (i.e., upper and lower end stops) the speed ratios are the lowest, which suggest that when the DEA is trying the accelerate the wings, it has the poorest mechanical advantage. The low speed ratios at two reversals can be a significant limitation of this mechanism design. In the future work, the mechanism design should ensure that the speed ratios at the two reversals are the highest in one complete cycle. Compliant transmission mechanisms, such as active hinges as adopted in Wood (2008) can be used in the future mechanism designs to eliminate the effect of frictions and the elastic energy stored in the hinges can help accelerate the wings in the beginning of each stroke.




CONCLUSION

In this work, a double cone DEA driven flapping wing MAV was presented. First, two predominant dielectric elastomer materials polyacrylate tape VHB (3M) and silicone elastomers were compared. Frequency sweep test showed that the DEA made with silicone elastomer demonstrates a high peak in amplitude at its resonance while the DEA made with VHB has no peak at resonance due to its high viscoelasticity. This result suggested that the low viscoelasticity of silicone elastomers makes them a better candidate for flapping wing MAV actuations. An analytical model and a simplified mass-spring model were used to characterize the quasi-static and dynamic performance of the silicone double cone DEA, respectively. The analytical model adopted in this work was able to predict the quasi-static performance of the actuator accurately and both the model and experimental results showed that double cone DEA has an approximated linear force-displacement relationship, which suggested that the DEA can be simplified as a linear spring. This finding then allowed us to use a classic spring-mass oscillator model to estimate the natural frequency of the DEA-mass oscillator in an extremely simple way yet high accuracy. The mechanical power output of the DEA was analyzed against the excitation frequency and the number of layers of membranes stacked to the DEA. The mechanical power output was shown to have a peak at the predicted resonant frequency of the DEA-mass system and the power scaled up with the number of layers of DEA membranes added to the DEA. A 209.1 mW average mechanical power output and an equivalent of 108.9 W/kg mass-specific mechanical power density from an 8-layer DEA was demonstrated. Subsequently, by using the same 8-layer DEA to drive the proposed insect-inspired flapping wing MAV, a peak flapping stroke of 63° at 18 Hz was demonstrated. While this flapping performance requires further optimization toward a hovering flight, this prototype far outperforms previous DEA-based flapping mechanisms without exploiting resonant actuations [e.g., a flapping amplitude of 15° in Henke et al. (2017) and 10° at a frequency of 5 Hz in Lau et al. (2014)]. For future work, we will continue working on optimizing the actuator and maximizing its mass-specific power, also, new flapping mechanism designs and fabrication techniques will be attempted to optimize the power transmission and efficiency.
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Soft robots with dynamic motion could be used in a variety of applications involving the handling of fragile materials. Rotational motors are often used as actuators to provide functions for robots (e.g., vibration, locomotion, and suction). To broaden the applications of soft robots, it will be necessary to develop a rotational motor that does not prevent robots from undergoing deformation. In this study, we developed a deformable motor based on dielectric elastomer actuators (DEAs) that is lightweight, consumes little energy, and does not generate a magnetic field. We tested the new motor in two experiments. First, we showed that internal stress changes in the DEAs were transmitted to the mechanism that rotates the motor. Second, we demonstrated that the deformable motor rotated even when it was deformed by an external force. In particular, the rotational performance did not decrease when an external force was applied to deform the motor into an elliptical shape. Our motor opens the door to applications of rotational motion to soft robots.

Keywords: dielectric elastomer actuator, internal stress, rotational performance, symmetry, strain, deformable


INTRODUCTION

Traditional robots are generally made of hard materials, but soft robots, which are made of rubber, gels, or paper, can provide dynamic motion, and innate safety based on the properties of their constituent materials (Maeda et al., 2015, 2016; Hosoya et al., 2016a; Shigemune et al., 2016, 2017). The advantages of soft robots will promote the development of human–robot coexistence. For example, in contrast to hard robots, soft robots can handle many kinds of materials: hard or soft, fragile or robust, and thick or thin (Suzumori et al., 1992; Shintake et al., 2015b; Galloway et al., 2016; Okuno et al., 2018), which is difficult for hard robots.

Rotational motion has been applied in robotics (Anderson et al., 2010). In traditional robots, magnetic motors are normally used to produce rotational motion. In previous works, researchers have developed motors driven by soft actuators (Kornbluh et al., 1998; Anderson et al., 2010, 2011; O'Brien et al., 2010; Hwang and Higuchi, 2014; Ainla et al., 2017). Ainla et al. developed a motor based on a pneumatic actuator that functions by feeding air into a flexible structure (Diesel and Brock, 2013; Cacucciolo et al., 2016). Although the pneumatic actuator has the potential to produce a large force, an additional pump is needed to feed the air, causing the whole system required to drive the motor via the pneumatic actuator to be large and heavy. In other studies, Hwang et al. developed a rotational motor based on shape memory alloys (SMAs). SMAs can recover their shape by increasing their temperature (Minetaa et al., 2002). SMAs are capable of generating large strokes and forces. However, SMAs consume a lot of energy and have slow response times. Anderson et al. developed a rotational motor based on dielectric elastomer actuators (DEAs) (Anderson et al., 2010). DEAs consist of elastomers sandwiched between compliant electrodes. Applying a voltage to the electrodes generates electrostatic forces, which produces a large displacement (Pelrine et al., 2000; Madden et al., 2004; Hosoya et al., 2015). The advantages of DEAs include: (1) simple and lightweight structures, (2) compatibility with low energy consumption, (3) generation of large actuation strokes, and (4) fast response time (Plante and Dubowsky, 2007). In addition, DEAs can be driven under deformation. Anderson et al. proposed a mechanism for converting the expansion of DEA into rotational motion by building a crank mechanism. They showed that the performance (torque per weight) in a motor based on DEAs was higher than that of the traditional magnetic motors. Although the idea of DEA motors is unique, their motion and behavior are same as those of solid motors. Motors that can deform and operate in a deformed state of them would enable the development of novel soft machines that could function in a wide range of environments.

Herein, we propose a deformable motor based on DEAs. Due to the flexibility of the frame and DEA, our deformable motor could rotate even when it was deformed by external force (Figure 1, Video S1). To create the new motor, we employed the mechanism proposed by Anderson et al. together with a flexible frame (Kofod et al., 2006; Shintake et al., 2015b). Furthermore, we succeeded in visualizing the dynamic stress changes of the deformable motor, and then used a high-speed polarization-imaging camera to obtain proof that the stress changes of the DEA led to rotational motion. Moreover, we revealed the relationship between rotational performance and the strain of the deformable motor.


[image: image]

FIGURE 1. Concept of a deformable motor. The motor consists of flexible materials and deformable mechanisms.





MECHANISM


DEA Activation

Figure 2A shows the structure of the DEA, which consists of flexible electrodes that sandwich a dielectric elastomer. The flexible electrodes are composed of conductive materials such as carbon powder, carbon grease, rubber, or hydrogels. Upon application of a voltage, electric charges accumulate on the stretchable electrodes and generate a Coulomb force between them. The Coulomb force compresses the dielectric elastomer, and the elastomer stretches in a perpendicular direction due to the incompressibility of the elastomer. Due to its elasticity, the elastomer returns to its original shape when the electric charges are removed from the electrodes. Equation 1 describes equivalent electrostatic Maxwell stress P (N/m2) induced by the compression force (Wissler and Mazza, 2007):

[image: image]

where εr is the relative dielectric constant of the elastomer, ε0 is the permittivity of free space (ε0 = 8.854 × 10−12 F/m), E is the electric field (V/m), V is applied voltage (V), and z is the thickness of the elastomer (m). Figure 2B and Video S3 illustrates the operation of a DEA.


[image: image]

FIGURE 2. Three-dimensional models and images of the mechanisms in the deformable motor. (A) Pressure determined by Equation (1). (B) Activation of a DEA when a voltage is applied.





Rotation and Deformation of the Motor

Figure 3A depicts the design for the deformable motor, which is composed of the thin frame, central parts, a crank mechanism, and four DEAs. We employed a thin frame to achieve deformation by application of an external force. The central parts have four joints and are connected to the four fulcrums of the frame in such a manner that the shaft is positioned at the center of the motor.


[image: image]

FIGURE 3. Mechanisms of the deformable motor. (A) Crank mechanism consists of bearing 1, bearing 2, eccentric body, and shaft. DEAs are fixed by a thin frame and hub-ring. (B) Rotational mechanism of the deformable motor. The crank moves under the force generated by the DEA. (C) The crank mechanism is activated when the four DEAs are stretched in order.



We classified previous motors for use with soft materials into two classes, based on the type of activation in the shaft: those in which the shaft of the motor moves around in a circle (O'Brien et al., 2010; Anderson et al., 2011), and those in which the shaft spins in the upright state (Kornbluh et al., 1998; Anderson et al., 2010). We employed the latter type of actuation; the shaft of our deformable motor spins in the upright state. Anderson et al. described a method for rotating the shaft by combining the crank mechanism with a DEA (Anderson et al., 2010). We used their proposed mechanism to convert the expansion of the DEA into rotational motion.

Here, we explain the mechanism underlying rotation of the deformable motor. The crank mechanism is composed of bearing 1, bearing 2, the eccentric body, and the shaft. When one of the four DEAs is expanded, the eccentric body moves around the shaft as shown in Figure 3B. Because the eccentric body and the shaft are integrated, the movement of the eccentric body rotates the shaft. We can then generate rotational motion by activating the four DEAs in order (Figure 3C, Video S6). Bearing 1 keeps the shaft at the center of the motor by connecting with the thin frame through the central parts shown in Figure 3A. By changing the eccentricity of the eccentric body, we can adjust the maximum torque and rotational speed of the motor.

Figure 4 shows the activation of the deformable motor. When the frame deforms as shown in Figure 4A, eight joints work to arrange the shaft at the center of the motor. Figure 4B shows the rotational motion without the external force (Original state). Figure 4C shows the rotational motion of the motor when an external force is applied from the top and bottom sides (Deformed state). In the figure, an arrow has been placed at the center of the motor to clarify the direction of rotation. Notably, the motor works while under deformation.
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FIGURE 4. The deformable mechanism and images of the motor under deformation. (A) The deformable mechanism consists of the thin frame and central parts. (B) Time-series imagines of a rotating deformable motor. The motor rotates without deforming the frame. (C) Motor rotating within a deformed frame.






FABRICATION


Deformable Motor

To prepare DEAs, we used VHB Y-4905J (VHB Y-4905J; 3M, Maplewood, MN, USA) as the elastomer and multi-walled carbon nanotubes (MWNTs) (multi-walled carbon nanotube 724769; Sigma-Aldrich, Saint Louis, MO, USA) as the electrode. According to Equation 1, the relative dielectric constant of the elastomer affects the extension of the DEA. The dielectric constant of VHB Y-4905J is 4.8, and the strain of a DEA made with VHB Y-4905J is >300% (Anderson et al., 2010). In addition, the extension of a DEA made with 300% pre-strained VHB is larger than that of a silicon DEA (Pelrine et al., 2000). We applied 300% pre-strain to the elastomer because pre-straining makes the elastomer softer (Pelrine et al., 2000), and employed MWNTs as electrodes because DEAs made with MWNTs have high work density (Hughes and Spinks, 2005). The MWNTs were applied to the elastomer by brushing (Shigemune et al., 2018). To reduce friction and weight, for the crank mechanism we selected an eccentric body, bearings, and a rotating shaft that were of small scale. We employed an eccentric body with a diameter of 10 mm and a 1-mm gap from center of the circle, as shown in Figure 3B. The diameters of the rotating shaft and the inner diameter of the Bearing 2 were both 3 mm. We used a three-dimensional printer (Dreamer; Flashforge, Jinhua, China) and an ABS resin (ABS 600 g; FlashForge) to fabricate the frame of the motor and the parts for placement of the rotational shaft at the center. Because ABS resin is ductile, the frame is not likely to be broken by deformation (Perez et al., 2014).



Controller

To drive the deformable motor, we developed a circuit to control the four DEAs. DEAs have the advantage of high energy efficiency per unit weight. When the circuit that controls the DEAs becomes large, the system loses this efficiency. Hence, we developed a compact control circuit to maintain the energy efficiency advantage. We designed a controller that drove the four DEAs with one DC/DC converter. Figure 5 shows the system of the controller and how the controller is connected to the deformable motor. The controller consists of a microcomputer (Nucleo-f 401 re), a DC/DC converter (EMCO Q 101-5), and power MOSFETs (IXTH 02 N 450 HV). The microcomputer outputs signals to each DEA (plugs 1–4). The DC/DC converter is required to generate the high voltage that drives the DEA. Previous studies demonstrated that EMCO Q 101-5 works acceptably on robots made with DEAs (Wingert et al., 2006; Ahmadi et al., 2012; Shintake et al., 2015a). We set the maximum output to 3 kV because electrical breakdown within the DEAs occurred above this voltage. The power MOSFETs can switch the voltage up to 4.5 kV. We used the same power supply to provide energy to both the microcomputer and the DC/DC converter.
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FIGURE 5. System for connecting the controller to the deformable motor (A) system diagram of the controller and the waveform of the voltage outputted from the Plugs 1–4. (B) Signal of the controller and the response of the DEA to the signal. As time passes, the area strain in one cycle gradually stabilizes.



We measured the output voltage produced from the controller. IN and OUT of the controller in Figure 5A were connected to each DEA in the motor shown in Figure 5B. Physically, the controller and the DEAs were connected by a copper tape. To provide high voltage, we clamped the copper tape with clips from the controller. The right of Figure 5A shows waveforms of the voltage outputted from the four plugs (Plugs 1–4). To measure the voltage, we directly connected plugs of the controller to an oscilloscope. We used the following conditions: output voltage of 2 kV, frequency of 0.833 Hz, and a duty ratio with a rectangular pulse wave of 25%. The waveforms showed transient characteristics, which are attributed to the thermal resistance of the power MOSFET. Each of the four outputs converged to 2 kV, and we confirmed that the controller could output and control the voltage to drive the DEA. The right panel of Figure 5B shows that the behavior of the DEA reached a steady state after 4 s. The maximum area strains of the DEAs controlled by the system were ~114%.




EXPERIMENTS


Visualization of the Internal Stress Distribution

To determine whether the deformable motor could be driven by the DEAs, we visualized the spatio-temporal changes of stress distribution inside the DEA while driving the deformable motor. Previous studies showed that the motors rotate under force from the DEAs, and proved that the mechanism works in a simulated environment. However, those reports never confirmed the application of the force to the motor in an actual environment. Figure 6 shows the experimental setup used to visualize the internal stress distribution in the DEA. For this experiment, we used a high-speed polarization-imaging camera and an LED light (Figure 6A). This camera is capable of measuring the birefringence phase difference (birefringence) of transparent materials (Hosoya et al., 2016b,c, 2017a,b).
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FIGURE 6. Experimental setup for measurement of internal stress. (A) Green light penetrates the deformable motor, and birefringence information is transmitted to the camera. (B) Placement of the experimental instrument. The light and lens of the camera are in a straight line. (C) Analysis area is 40 × 40 mm.



We used the birefringence of DEA as a parameter to indicate the condition of a material's stress and structure. During measurement of a thin film with a uniform thickness, the material's birefringence changes due to internal stress, such as the pre-strain and coulomb force of the DEA. Therefore, birefringence is correlated with relative stress. For example, phase difference is large in areas with large stress.

The experimental setup was as follows: three camera and motor were 60 cm apart, whereas the motor and the light were 30 cm apart (Figure 6B). The center of the measurement area was 20 cm above the fixed base. The high-speed polarization-imaging camera had a speed of 125 fps, an exposure time of 5 s, and a visualization area of 40 × 40 mm. Figure 6C shows the visualization area. The light source was a green LED (operating wavelength: 480–540 nm; bandwidth of band-pass filter: 520 ± 10 nm; power of incident light: 2.5 W/m2). The driving voltage of the DEA was 2.3 kV, the driving frequency was 15 Hz with a rectangular wave, and the duty ratio was 25%. The phase difference of the driving frequency among the four DEAs was π/2, and the four DEAs functioned in order.

Figure 7 visualizes the spatio-temporal change of the stress inside the DEA via the high-speed polarization-imaging camera. The stress inside the DEA increased with the driving voltage. In addition, high stress occurred at the center part and the boundary between the DEA and the hub-ring. The stress at the center was a compressive stress in the vertical direction of the DEA (z-axis direction in Figure 7). We assume that this stress affects the rotational motion of the deformable motor. On the other hand, we presume that the stress at the boundary between the DEA and hub-ring compressed in the negative direction of the Y axis, as shown in the visualized phase of 2.024 s (Figure 7).


[image: image]

FIGURE 7. Visualization of internal stress distribution. The internal stress distribution changes upon application of a voltage to the DEA.



Furthermore, we could determine the rotational performance of the deformable motor from this experiment. We confirmed high internal stress in almost all of the area after ~0.25 s from activation of the DEA. In other words, the motor required a minimum of 0.25 s to move the crank by the DEA when 2.3 kV was applied. It takes 1 s to rotate the motor with the four DEAs. We then presumed that the deformable motor rotates at 60 rpm under the fastest condition. Eventually, we designed a control program for the deformable motor with a maximum speed of 60 rpm.



Mechanical Characteristics of the Deformable Motor

Setup

To elucidate the performance of the deformable motor, we measured its mechanical characteristics. We designed the motor to be capable of deformation into various shapes. Here, we defined three deformed states to compare the mechanical characteristics of each state. To quantify the deformation, we added four sets of long screws, vertical spacers, and parts with two joints. Figure 8 shows each state deformed by the additional parts. Turning a screw clockwise places pressure on one point of the frame, and the radius r [mm] from the shaft changes as shown in Figure 8A. The pitch of the screw was 0.5 mm. Thus, one turn of the screw decreased the radius by 0.5 mm. Figure 8A and Video S4 illustrate the original state. Figure 8B and Video S5 show a one-directional state. Figures 8C and D show a vertical-directional state, and a horizontal-directional state respectively. Equation (2) derives the radial strain δ of the frame:
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where r[mm] is the radial displacement, n is the number of screw rotations, and θ [°] is the rotation angle, which is added to the rotational times.
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FIGURE 8. Experimental setup. (A) Original state without deformation. (B) The one-directional state deforms the motor from one direction. (C) The vertical-directional state deforms the motor from one horizontal and one vertical direction. (D) The horizontal-directional state deforms the motor from two horizontal directions.



We investigated the relationship between the radial strain and the maximum torque. Additionally, we examined the radial strain and the maximum rotational speed when the motor was deformed. We set the two radial strains of the horizontal-directional and vertical-directional states to the same value in order to define the type of the deformed states.

Figure 9 illustrates an experimental setup used to measure the torque of the deformable motors. The motor shaft was placed in the vertical orientation relative to the ground, and the wire was placed parallel to the ground. We suspended a weight from the tip of the wire to apply torque on the shaft. The length L [cm] of the wire from the pulley to the mass was 30 cm. The weight of the mass included the weight of the wire.


[image: image]

FIGURE 9. Experimental device for measuring torque. To reduce interference from gravity, the shaft of the motor is placed in a vertical orientation relative to the ground.



Equation (3) derives the torque T [mN·m] of the deformable motor:

[image: image]

where r [m] is the radius of the shaft, F [mN] is the external force, wi [g] is the weight of the wire, wo [g] is the weight of the mass, g is the gravitational acceleration (g = 9.81 m/s2), and k is the weight per wire length (k = 0.0024 g/cm ). We neglected the friction of the pulley.

Results and Discussion

Figure 10A shows the relationship between the radial strain and the torque in the three deformed states. Table 1 shows the torque generated by the motor at each deformed state when the radial strain was 0, 0.09, and 0.15. We conducted the experiment twice; Table 1 shows the average, maximum, and the minimum values of the torque in the two replicates. The torque of the original state was 0.031 mN m. The one-directional state had a torque of 0.009 mN m when the radial strain was 0.15. The vertical-directional state had a torque of 0.004 mN m when the radial strain was 0.09. When the radial strain was over 0.1 in the vertical-directional state, the motor could not rotate. The torque of the horizontal-directional state was 0.021 mN m when the radial strain was 0.15. As shown in Figure 10A, the torque of the horizontal-directional state did not change significantly when a large strain was applied. We observed a significant decrease in the torque in the vertical-directional state. Thus, the nature of the deformed state affects the torque of the motor.
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FIGURE 10. Rotational performance. (A) Torque vs. radial strain in the three deformed states. (B) Rotational speed vs. radial strain in the three deformed states. (C) Motor torque vs. rotational speed.





Table 1. Torque experiment.
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Figure 10B shows the relationship between radial strain and the rotational speed in the three deformed states. Table 2 shows the rotational speed generated by the motor in each deformed state when the radial strain was 0, 0.09, and 0.15. We also conducted this experiment twice; Table 2 includes the average, maximum, and minimum values of the rotational speed in the two attempts. The rotational speed of the original state was 19 rpm. When the radial strain was 0.15, the one-directional state had the rotational speed of 9.93 rpm, half the speed of the original state. The vertical-directional state had a torque of 4.4 rpm when the radial strain was 0.09. The rotational speed of the horizontal-directional state was 16.2 rpm when the radial strain was 0.15. As shown in Figure 10B, the rotational speed did not change significantly when a large strain was applied in the horizontal-directional state. In the three deformed states with a strain of 0.09, the vertical-directional state exhibited the worst performance, as in the torque experiment. Thus, rotational speed behaved similarly to torque.



Table 2. Rotational speed experiment.
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Figure 10C shows the relationship between rotational speed and torque. At a strain of 0.08 rotational performance decreased in the following order: original, horizontal-directional, one-directional, and vertical-directional. In other words, we revealed that the elliptical shape of the motor prevented its rotational performance from dramatically decreasing in the three deformed states. This property, i.e., that torque decreased as rotational speed increased, matched the features of the magnetic motor.

The performance of the deformable motor was strongly affected by the friction on the bearing in the crank mechanism. When the force acts on the crank, the rotational performance of the motor decreases because the friction on the bearing increases. The direction of the force applied to the crank represents the summation of the external force vectors. In the vertical-directional state, a large force acts on the crank in the lower right direction, as shown in Figure 11B. The force is smaller in the one-directional state than in the vertical-directional state, as shown in Figure 11A. On the other hand, the force does not act on the horizontal-directional state because the force vectors applied to the frame cancel, as shown in Figure 11C. Eventually, the friction of the bearing becomes the smallest in the horizontal-directional state. Hence, the horizontal-directional state demonstrates the best performance in the three deformed states. These results demonstrate that the symmetricity of the frame affects the rotational performance of the deformable motor.
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FIGURE 11. Diagram showing the force applied to the crank. (A) In the original state, the force applied to the crank is small. (B) In the vertical-directional state, the force applied to the crank is large. (C) In the horizontal-directional state, the forces applied to the crank cancel.



Although the motor in the horizontal-directional state maintains the symmetricity, the rotational performance is lower than that of the original state. We conjectured that a decrement in the displacement of the DEAs degraded the performance of the motor. In the area of the frame that deforms toward the center of the motor, the pre-strain of the DEA close to the area becomes small. As the pre-strain of the DEA decreases, the elastic modulus of the DEA elastomer increases (Pelrine et al., 2000), and the displacement of the DEA decreases. This decrement in the displacement caused the performance of the motor to be lower in the horizontal-directional state than in the original state.

Eventually, because the effects of the friction of the crank or the displacement of the DEAs were small, the motor rotated in the all deformed states when the radial strain was <0.07. The motor worked acceptably in the horizontal-directional state because of the symmetrical deformation.




CONCLUSION

We developed a deformable motor that can rotate its shaft under deformation due to the flexibility of its frame and DEAs. By visualizing the internal stress distribution, we observed the force generated by the DEA. The results revealed that the DEAs in the motor drove the crank mechanism to rotate the deformable motor. We also conducted an experiment to clarify the relationship between the rotational performance and deformations of the motor. When the deformation of the motor was small, the rotational speed and torque were almost same as those of the undeformed motor (strain, 0.07). Moreover, in the horizontal-directional state, a large deformation (strain 0.15) did not cause a significant decline in rotational speed or torque. A deformable motor with one layer of DEA yielded 2% of the torque of a traditional electromagnetic motor (RE-280RA; Mabuchi Motor, Chiba, Japan; deformable motor: 0.03 mN m; traditional electromagnetic motor: 1.47 mN m). We deduced that the performance of the deformable motor could be improved by stacking the DEAs. Theoretically, a motor using 48 layers of DEAs (thickness: 1.5 mm) would generate 48 times as much torque. We believe that stacking DEA layers has the potential to increase torque without making the motor enormous. In regard to energy efficiency per weight, our deformable motor generated 0.30 mN m/W g, whereas the traditional electromagnetic motor and one with DEAs (Anderson et al., 2010) generated 0.023 and 2.91 mN m/W g, respectively. The basic performances of the deformable motor can be improved by optimizing the design and materials (Video S2). In future studies, we hope to improve the performance of the deformable motor. Development of a deformable motor opens the possibility of applying rotational motion to soft robots.
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Video S1. A deformable motor rotating with deformed state.

Video S2. A deformable motor rotating with deformed state.

Video S3. Activation of a dielectric elastomer actuator.

Video S4. Rotation of a deformable motor in an original state.

Video S5. Rotation of a deformable motor in an one-directional state.

Video S6. Rotational mechanism of a deformable motor.
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Soft robots have proved to represent a new frontier for the development of intelligent machines able to show new capabilities that can complement those currently performed by robots based on rigid materials. One of the main application areas where this shift is promising an impact is minimally invasive surgery. In previous works, the STFF-FLOP soft manipulator has been introduced as a new concept of using soft materials to develop endoscopic tools. In this paper, we present a novel kind of stiffening system based on fiber jamming transition that can be embedded in the manipulator to widen its applicability by increasing its stability and with the possibility to produce and transmit higher forces. The STIFF-FLOP original module has been re-designed in two new versions to incorporate the variable stiffness mechanism. The two designs have been evaluated in terms of dexterity and variable stiffness capability and, despite a general optimization rule did not clearly emerge, the study confirmed that fiber jamming transition can be considered an effective technological approach for obtaining variable stiffness in slender soft structures.

Keywords: soft robotics, surgical manipulator, variable stiffness system, jamming transition, minimally invasive surgery


INTRODUCTION

Robots today rely on a long tradition in the use of rigid materials for the most of their body. The use of rigid materials implies the possibility to use some basic simplifications, assumptions, and conventions that can support their design. This framework can lead to very advanced and complex machines, but most of the times the effectiveness of the robot is still heavily relying on the control performance. This traditional approach for making intelligent machines has been questioned when roboticists started to look at natural agents (e.g., humans, animals, and even plants) and their interaction with the environment (Laschi and Mazzolai, 2016). Observing the key role played by soft and flexible structures within the body to cope with the unstructured and unpredictable environments in everyday tasks, roboticists started to re-think the basic principle for designing, manufacturing and controlling robots. This paradigmatic revolution is now known as soft robotics (Rus and Tolley, 2015). In this new paradigm, softness, and flexibility have acquired a strategic role for developing versatile, dexterous, and intrinsically safe systems (Shen, 2016), but the real game changer that makes soft robotics effective is the variable stiffness capability. This ability allows for soft robots to maintain their own structural strength without losing the capability of reversibly transit between a stiff state and a compliant one for a better adaptation of the shape to unstructured environments.

The attention of researchers approaching the design and manufacturing of a soft robot is firstly devoted to the definition of a body that counts on three main characteristics: shape, arrangement, and material properties of the constituting elements that serve, wherever it is possible, both as passive (structural) and active elements (Zambrano et al., 2014). This vision implies a significant increase in bodyware complexity, but also a simplification on control algorithms: a rich behavior does not necessarily come from a complex control, but may be the result of the interaction between body, control and environment (Pfeifer and Bongard, 2006).

In this framework, the innovative actuation technologies, investigated and developed by soft roboticists, represent the ground for a new generation of soft robots with advanced abilities, such as elongation, squeezing, growing, self-healing, and variable stiffness (Laschi et al., 2016). The topic is still an open issue. Literature reports some reviews and tentative approaches to identify, design and combine soft robotics technologies for stiffness tuning (Manti et al., 2016; Sun et al., 2017; Wang et al., 2018).

Among the most corroborated semi-active technologies for stiffness tuning (Manti et al., 2016), the material jamming transition has been largely investigated because of its simplicity, versatility, reversibility and possibility to customize the system according to the target application. The integration of a jamming mechanism into a device involves the presence of an external soft, elastic membrane filled with solid discrete material. At atmospheric pressure, the system presents high softness and compliance given by the fact that filler can easily and freely move inside the soft membrane; upon the application of vacuum, the membrane collapses on the filler material, thus freezing the dynamics of the overall system. Consequently, the material is densely packed and the friction prevents every kind of relative displacement. As a result, the entire structure behaves like a rigid material (Liu and Nagel, 1998).

The working principle that stands behind the phenomenon is today reproduced and frequently exploited in soft robotic systems at the macroscale; on the other hand, the physical principle that occurs at the microscale is still under investigation (Behringer and Chakraborty, 2018). Despite the fact that the technology is very easy to use and the advantages are undeniable, there is a lack of information on the underlying physical principle involved in the jamming transition and, as a consequence, there are no suitable models and tools able to guide the design choice, thus preventing its exploitation at market level (Amend et al., 2016).

Jamming transition has been investigated, for the first time, with grains encapsulated in an elastic membrane that, upon the application of vacuum, transit from a compliant state to a rigid one. This semi-active technology is commonly used in combination with other active actuation technologies to allow selective stiffening or shape locking of bending states in anthropomorphic grippers (Wall et al., 2015) or in highly articulated manipulators (Follmer et al., 2012). They can be also exploited as a mean to introduce selective anisotropies in the material behavior thus enabling locomotion patterns, such as rolling (Steltz et al., 2009), or vibration (Kaufhold et al., 2012). A widespread use of the technology is confirmed by its application as haptic or tactile interfaces (Follmer et al., 2012; Stanley et al., 2013; Li et al., 2014). The phenomenon has been then extended to the use of laminar material inside an elastic membrane in order to obtain layer jamming (Kim et al., 2013; Ou et al., 2014; Narang et al., 2018).

Literature analysis demonstrates that research prototypes are only based on granular and layer jamming, while the possibility of exploiting jamming transition using fibers as filler material is completely neglected. A preliminary study of this configuration has been investigated, for the first time, by Brancadoro et al. (2018): here, a comparative approach has been proposed to experimentally assess the performances of the jamming transition induced on fibers. In the same work, a first discussion on the main parameters affecting the system behavior has been introduced: fiber material, dimension, cross section and shape. The present paper builds upon the main results achieved in that previous work and focuses on the integration of a variable stiffness system based on fiber jamming transition in the STIFF-FLOP soft manipulator developed by the same research group (Abidi et al., 2018), hereafter called “original” to avoid confusion. This manipulator is based on three-flexible fluidic chambers that can be inflated to obtain omnidirectional bending and elongation. The STIFF-FLOP manipulator has already proved to introduce significant advantages into minimally invasive surgical procedures and specifically it has been successfully used as an endoscope in a total mesorectal excision procedure that was performed in two human cadaver models (Arezzo et al., 2017). Nevertheless, the manipulator has limited applications as surgical tool because of its poor capability of force application. This is the reason why, in its current configuration, it is best suited for endoscopic tasks, where safe interaction with organs and delicate tissues and dexterity are the main important features (Abidi et al., 2018). An endoscopic tool is devoted to inspection within the human body, thus it mainly requires dexterity and intrinsic safety (softness) in case of interaction with soft tissues. On the other hand, a surgical tool requires the ability of an effective interaction with human organs/tissues (e.g., for cutting, moving, pushing) thus it needs to be sufficiently rigid or (as in our case) the ability of tuning its stiffness. It implies that, in the two-module STIFF-FLOP surgical manipulator, the activation of the stiffening system of the proximal module is used to provide stabilization to the distal module while this latter is interacting with the tissues.

Earlier versions of the manipulator could count on a variable stiffness system based on granular jamming transition (Ranzani et al., 2015). It was effective and suitable for the surgical environment in terms of safety, but the miniaturization process revealed that this technology becomes very ineffective when used in almost 2D or 1D structures. Grains better act with 3D volumes, layers work well in planar structures while the mono-dimensionality of fibers is appropriate for long, slender systems. Thus, jamming transition based on fibers presents the right features for introducing a remarkable variable stiffness capability in the original STIFF-FLOP manipulator. Moreover, the manipulator is already driven by fluidic actuation technologies, thus the additional components needed to drive jamming transitions are limited.

With this in mind, the main driver of this study is the integration of a variable stiffness system in the STIFF-FLOP soft manipulator. This system already has the flexibility and dexterity needed for a safe tool for medical application. Moreover, the system is able to reach remote areas from different points of view using the same access port. The integration of the semi-active technology extends the already available functionalities of the system making possible also surgical actions.

In this framework, the new concept tested in the present work investigates the possibility to re-design the proximal module of the original STIFF-FLOP manipulator to integrate a variable stiffness system without affecting the original dimensions in terms of diameter and length. This will enable stiffness variation that provides support and acts as a stabilizer for the distal module, which in turn exploits its flexibility and dexterity to interact with organs or human tissues. The complete surgical manipulator proposed in Figure 1 will be composed of a proximal module (to be chosen between the two designs proposed in the present work) where the fiber jamming technology is integrated and a distal module that is the original one, as proposed in Abidi et al. (2018). The whole system could be then attached to a rigid shaft, which can be positioned and maneuvered at the insertion point by a surgeon or by a robot (Diodato et al., 2018) for performing minimally invasive surgery (MIS) procedures.
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FIGURE 1. Representation of the two-module STIFF-FLOP manipulator attached to a rigid shaft used as support. The proximal module has been redesigned to lodge a variable stiffness system that can become rigid on demand and provide stability to the distal module (unvaried with respect to the original version).





MATERIALS AND METHODS

Before presenting in detail the new design and the manufacturing procedure of the tested modules, it is worth briefly recapping the main characteristics the original STIFF-FLOP soft manipulator relies on. It includes three pairs of inflatable chambers, radially arranged around a central axis, and entirely made of silicone. These chambers are lined with a thin inextensible thread in a tight helical winding. The minimization of the helical pitch brings two advantages: it prevents a radial expansion and maximizes the longitudinal elongation when the chamber is under pressure (Fraś et al., 2015). This combination enables the possibility to obtain omnidirectional bending and longitudinal elongation depending on the pressure applied to each chamber. The chamber can be considered as an actuator that generates one motion primitive (MP). For continuum soft manipulators, the traditional degrees of freedom (DoFs) are replaced by MPs which result more appropriate for a soft robot that theoretically has infinite positions (Abidi et al., 2018). Considering this convention, the soft manipulator has three MPs for bending motion due to the inflation of each pair of chambers at different pressure values and one MP that describes the elongation due a simultaneous inflation of all the chambers at the same pressure value.

For this work, the original STIFF-FLOP module has been modified and declined into two different versions according to the following specifications:

• the dimensions of the module itself, in terms of external diameter and total length, remain constant in order both to pass through the trocar used in MIS and have comparable results with respect to the workspace covered by the original STIFF-FLOP module;

• the module should have at least one motion primitive to guarantee a minimum level of dexterity and flexibility;

• the module should have a free lumen.

The first one, referred as Module A in the next section, is based on the original design but hosts the fiber jamming system in the central channel (free lumen), not fulfilling the third requirement. The second one, referred as Module B, counts on a substantial revision of the actuation system: two pairs of fluidic actuators are substituted by two sites for fiber jamming, thus affecting the second requirement. While the omni directionality can be compensated externally (i.e., using the roll DoF of the rigid shaft reported in Figure 1), the free lumen is something that improves the system functionalities and surgeon's abilities.

Moreover, the integration of the variable stiffness system does not imply any modifications in terms of modularity of the overall final systems as described in Figure 1 or dimensions of the module itself. For this reason, the two designs here proposed as an alternative to the original proximal STIFF-FLOP module, are still compliant with the miniaturization constraints and, moreover, the covered workspace is comparable with the previous results.

The design and the functionalities of each module are described in the next two subsections while the manufacturing procedure, being mostly the same for both, is presented in a single subsequent section.


Re-design of the Module

Module A. The single module is 50 mm in length and 14.5 mm in external diameter thus resulting suitable for standard MIS applications (i.e., it is able to pass through a standard 15 mm trocar). Figure 2A shows the section view of the module containing three pairs of chambers, each measuring 3 mm in diameter and able to elongate only. With respect to the original version of the STIFF-FLOP module where the lumen (4.5 mm in diameter) was properly designed to allow the insertion of thin surgical equipment up to the tip, in the current version of the module the central channel hosts the fibers to produce the jamming transition (called “stiffening chamber”). With this design, the module is characterized by the variable stiffness functionality and by four MPs that supply the omnidirectional bending and the elongation.
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FIGURE 2. Design and section view of (A) Module A and (B) Module B.



Module B. The single module is again 50 mm in length and 14.5 mm in external diameter. With respect to Module A, this version has only one MP, supplied by a pair of chambers, while the remaining space is equally split into two chambers (each one with 27.41 mm2 in area) that host fibers for varying the module stiffness, as depicted in the section view reported in Figure 2B. This design implies that the module has one single bending plane and variable stiffness functionality, while the inner free lumen (4.5 mm in diameter) is preserved for inserting suitable surgical tools (e.g., graspers, mini ultrasound probes and radio-frequency tools), for housing electric wires (e.g., for a laparoscopic micro camera) or for routing pressure lines (in case of a multi-modules architecture).



Fiber Selection

The choice of the fibers to be used in the jamming-based system has been driven by the main achievements that authors have reported in the previous work (Brancadoro et al., 2018). In this earlier paper, a series of cylindrical samples made of a latex membrane filled with different fibrous materials has been tested and compared to identify the material that present the highest stiffness variation. In particular, PTFE, PVC, Nylon, Silicone, Waxed cotton, and Leather have been investigated and tested in two different configurations: bundle-type (BT) and comb-type (CT). The first one (i.e., BT) counts on fibers that are longitudinally arranged in a bundle fixed on one side only and without a specific organization (Figure 3A), while the CT configuration presents fibers organized as two tooth-interlocking combs (Figure 3B).
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FIGURE 3. CAD model for the (A) BT and (B) CT joint.



It is worth mentioning that, since the jamming transition is affected by friction effects among the filling fibers and between the fibers and the external membrane, the preliminary study proposed in Brancadoro et al. (2018) took this feature into account investigating the surface finishing of the selected fibers and its correlation with the jamming transition for the two configurations. In particular, despite a numerical analysis is still missing, in that paper all the materials selected for the preliminary assessment have been compared also from this point of view in order to relate the stiffness variation of the joint configuration (Bundle type BT or comb type CT) to the material type. In particular, authors noticed that the fiber roughness order has a role in the effectiveness of the jamming effect, being directly correlated with the sliding capability of the fibers. In the present study, authors decided to adopt the combination of joint configuration and fiber type that has demonstrated the best performances in terms of stiffness variation. Although other materials and configurations are possible, currently there is no specific study or general model, thus the choice can be only guided by a comparative experimental analysis. According to those results (summarized in Table 1), the waxed cotton in the CT configuration has demonstrated the most promising stiffening features (increase of 377.5%) and have been incorporated in the modules.



Table 1. Summary of the results from Brancadoro et al. (2018).
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Fibers have been confined in the dedicated sites by using the same guidelines defined in the previous work in terms of packing factor (i.e., the volume of the fibers divided by the volume of the section). In particular, keeping the same packing factor, 8 fibers have been used for Module A while 14 fibers have been inserted into each chamber of Module B, since each fiber has a diameter of 0.9 mm.



Manufacturing

The manufacturing of the two kinds of module consists of several steps based on silicone molding procedure. All the components for the module fabrication are realized using a 3D printer (ProJet MJP 3600, 3D Systems, South Carolina, US). For a better representation of the manufacturing procedure, the main phases are listed below and summarized in Figure 4:

a. Firstly, the mold for the chambers is prepared by winding an inextensible polyester thread around a 3D printed cylinder. This cylinder is composed of three assembled parts, an inner core and two side parts (Figure 4a). Six chamber molds and two chamber molds are prepared for Module A and Module B, respectively.

b. The fabrication of Module A starts positioning six chamber molds into a cylindrical-shaped mold composed of three identical parts and a central cylinder for the realization of the inner free lumen. To guarantee a precise mold alignment, that is essential for avoiding any asymmetries in the module, a thin Plexiglas plate is located on the top of the module for lodging all molds and for keeping them in place. The Plexiglas component is cut with a laser cutting machine (Universal Laser XLS10MWH, Universal Laser System Inc., US). The fabrication of Module B starts from the realization of the mold. It is composed of two chamber molds, two molds for the stiffening chambers, an inner cylinder and the upper Plexiglas plate for the alignment. Figure 4b shows the two assembly molds. Then, uncured silicone (Ecoflex 0050, Smooth On Inc., Macungie, PA) is poured into the molds and left to cure at room temperature. After the silicone has completely cured, all molds are removed.

c. Once this step is completed, a total of 36 fibers (i.e., 8 fibers for Module A and 28 fibers for Module B) are inserted with a CT configuration in the lumen and in the two lateral chambers of the Module A and Module B, respectively (Figure 4c). For creating the CT configuration, in each module, half of fibers exceed of 3 mm from the bottom face of the module and the residual fibers exceed of the same length from the other side. In this way, it is possible to encapsulate the fibers into the silicone base, thus guaranteeing that the fibers are arranged as two tooth-interlocking combs.

d. After fibers integration, the modules are sealed on bottom side using a dedicated cup mold filled with harder silicone (Smooth Sil 950, Smooth On Inc., Macungie, PA) (Figure 4d). At this stage, the pipes for the fluidic actuation (i.e., three for Module A and only one for Module B) and for the vacuum (i.e., one for Module A and two for Module B) are incorporated into the soft structure.

e. The last step concerns the sealing of the top side of the modules and it follows the same procedure described above (Figure 4e). The fluidic chambers are connected in pairs through a small silicone pipe located internally as a bridge between chambers. Figure 4f shows the final result.

The weight of each module is 9.2 g and 7.6 g for the Module A and B, respectively.
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FIGURE 4. (a–f) Modules manufacturing steps.





Experimental Set-Up and Protocol

In order to investigate the performances of the two different modules, several tests were carried out by using an ad hoc experimental set-up. Four different characteristics have been experimentally evaluated and compared with the performances achieved by the original STIFF-FLOP module: (i) variable stiffness at rest position; (ii) variable stiffness in bent configuration; (iii) workspace; (iv) shape locking capability.

The experimental set-up counts on parts that are used to drive the modules in all the tests (i.e., vacuum pump and air compressor) while specific equipment is introduced to perform the single tests (e.g., load cell, magnetic tracking system).

For driving the modules, a simple On/Off vacuum control was selected and implemented by using a vacuum pump (Oil Lubricated Rotary Vane Pumps MM56p2, D.V.P Vacuum Technology s.r.l., Carpanelli S.p.A.). The vacuum working state, measured by an absolute pressure sensor (SWCN-V01-P3-2, Camozzi Group), corresponds to 0.1 bar pressure level whereas the ambient pressure state is set to the atmospheric pressure (1.01325 bar). Regarding the fluidic actuation, the pressure inside each pair of chambers is controlled by a proportional pressure regulator directly connected to an air compressor (S.A. 30/6 type, Werther International Inc., Houston, USA). The specific tests are detailed in the subsections reported below.

Variable Stiffness at Rest Position

This test needed an ad-hoc metallic housing to host the base of the two modules (i.e., Module A and Module B). The module tip was deflected horizontally (along the x-axis referring to the reference Cartesian coordinate system of Figure 5) by an anthropomorphic robotic arm with six DoFs (RV-6SL; Mitsubishi Electric) for a distance of 15 mm at a speed of 5 mm/s, as shown in Figure 5. An ATI-mini 45 Force/Torque sensor (ATI Industrial Automation, USA), mounted on the end-effector of the robotic arm, measured the resistive force developed by each module. The interaction surface between the module tip and the force sensor is properly defined for each test such that the application point of the force by the load cell to the module is kept as the origin of the reference Cartesian coordinate system, guaranteeing the same working conditions for all the experimental sessions. This point was conventionally defined as the lowest edge of the ATI-mini 45 sensor in contact with the most rigid silicone part of the module (the blue one). This point represents the origin of the reference Cartesian coordinate system and it is horizontally centered and vertically positioned 5 mm below the module tip. In order to guarantee the same setup for all the bending tests, the application point is manually reached before each test session. This experimental setup was controlled with a LabVIEW GUI (LabVIEW System Design Software—National Instrument), also used for data recording (sample rate of 10 kHz). Ten experimental trials were performed for each module: five tests keeping the stiffening chamber at atmospheric pressure (i.e., 1.01325 bar) and five under vacuum conditions (i.e., 0.1 bar). These tests are carried out for quantifying the contribution of the fiber jamming transition to the overall stiffness of the modules when at rest position.
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FIGURE 5. Setup for testing variable stiffness at rest position (Module A is reported as example).



Variable Stiffness in Bent Configuration

The same setup has been used to quantify variable stiffness in bent configuration (Figure 6), but a different protocol has been followed. Before applying the lateral load, one MP of each module is activated using 1 bar pressure. The robot arm, equipped with the load cell, pushes the module for 10 mm at 5 mm/s velocity. Five trials have been carried out with the jamming system at atmospheric pressure, and five with the application of vacuum conditions. The application point is the same of the test mentioned above.
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FIGURE 6. Setup for testing variable stiffness in bent configuration (Module A is reported as example).



Maximum force for all tests are recorded and compared; the stiffness variation is also related to the previously tested configuration in order to evaluate if the deformed state of the module affects the stiffening capability of the fiber jamming system.

Module's Workspace

To evaluate the module's workspace, the bending angle has been measured in relation with the applied pressure. The input air pressure ranges from 0 to 1.2 bar with an increment of 0.2 bar and inflates a pair of chambers for each module. The workspace is evaluated as the capability of each chamber to bend the module on a single plane. An electro-magnetic system (NDI Medical Aurora Northern Digital Inc., Waterloo, Canada), with 0.48 mm as maximum accuracy, was used as a ground truth pose measuring device. In particular, one Aurora Mini 6 DOF Sensor (1.8 × 9 mm) was fixed on the tip of the module while an Aurora 6 DOF Reference probe (25 mm Disc) is located on the module support, close to the module base (Figure 7A). The two probes are used to monitor the position and orientation of the module tip with respect to the base. By using the ground truth system, the bending angle (α) is derived as the angle between the vectors normal to the module base and tip surfaces on the bending plane (Figure 7B).
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FIGURE 7. (A) Test setup used for workspace and shape locking evaluation (Module A is reported as an example) and (B) bending angle (α) evaluation method.



A total of five trials were conducted for each module activating only a pair of chambers. This test aims at evaluating how much the presence of the fibers affects the dexterity of the manipulator.

Shape Locking

The same setup described for the workspace evaluation has been used for the shape locking tests following a multiphase procedure:

a. The module is bent supplying a 1.2 bar pressure to a pair of chambers

b. The angle α 1 is recorded

c. The vacuum is applied to the stiffening chamber for 30 s

d. The pressure is removed from the fluidic chambers

e. The angle α 2 is recorded.

Five tests for Modules A and B have been carried out.




RESULTS AND DISCUSSION

In this section, the results obtained for each experimental test are reported and discussed. The analysis is based on the comparison between the performances of the two proposed designs with respect to the original STIFF-FLOP module.


Variable Stiffness at Rest Position

Table 2 summarizes the results concerning the maximum stiffness variation that can be achieved for each configuration. For a comprehensive comparative analysis of the system performances, the maximum force developed by the original STIFF-FLOP module is reported as reference.



Table 2. Results of the bending tests carried out at rest configuration to evaluate the maximum stiffness variation for the three designs [i.e., original STIFF-FLOP module (Abidi et al., 2018), Module A and Module B].
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A first observation concerns the maximum force generated by each single module when the vacuum is not applied. It is reasonable that the original STIFF-FLOP module presents a lower maximum force with respect to Module A, because of the introduction of fibers in the inner free lumen. This change in the design can introduce an additional resistance to the bending motion that explains a value of 0.47 N for Module A with respect to 0.36 N of the original STIFF-FLOP module. Furthermore, the maximum force of the Module B is less than the maximum force of the other two configurations because the Module B has only one MP (i.e., two actuation chambers) instead of three (i.e., six actuation chambers) and two actuation chambers are more rigid than a chamber filled with fibers. This may seem counterintuitive, but, referring to Figure 2, it is easy to see that the cross section of Module A relies on a larger part of silicone that opposes to tensile forces developed during bending. In Module B, the most of the silicone is substituted by flexible fibers that can easily slide and bend when free to move.

The last column of the Table 2 reports the ratio between the maximum force measured in the jammed and the unjammed condition. This is the most appropriate parameter to assess the module performances and to provide a direct comparison of stiffening capability. The stiffening performance has a trend that is coherent with the design of the modules, namely the stiffness variation increases with the volume of the stiffening chamber and the number of fibers. Module A contains 8 fibers and presents a very limited stiffness variation with respect to Module B, which contains 14 fibers for each stiffening chamber (28 in total). Moreover, the location of the fibers plays a significant role. The bending moment of inertia of the module increases much more if the fibers are placed in the outer part of the cross section rather than in the central part.

In addition to these quantitative data, it is worth reporting that during these tests, once the imposed displacement is completely removed and no vacuum is applied, the modules equipped with fibers completely recover their initial position without showing any permanent deformations. This means that fibers remain free to move also when the module is deformed if there is no fluidic input.



Variable Stiffness in Bent Configuration

The dominant role played by the fiber jamming is also confirmed in the stiffening test in bent configuration. Module B shows a remarkable stiffness variation, while Module A seems to be barely affected by the activation of the fiber jamming system, as reported in Table 3. The presence of two stiffening chambers enhances the module ability to keep its shape against external disturbances.



Table 3. Stiffness variation obtained in bent configuration for the two modules.
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These data, together with those reported in section Variable stiffness at rest position, support the overall concept of using such kind of modules to provide stability to the distal segment of a two-module soft manipulator. The substantial stiffness variation of the proximal module demonstrates the ability to compensate external disturbances providing stability to the distal module that instead remains more dexterous and flexible.



Workspace

The results related to the workspace are limited to the evaluation of the module performances on a single bending plane. In particular, Figure 8 shows the angles achieved by the module tip at increasing pressure. For a given pressure, the bending angle reached by Module B is considerably lower with respect to the Module A. This different response might be due to the structural role played by the fibers in the module. In both the cases the fiber jamming system is not active, but the fibers experience a sliding motion that is subject to friction. However, Module B includes many more fibers and they are arranged in a way that the area moment of inertia is much higher, thus causing a stiffer structure.
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FIGURE 8. Experimental results for the angular workspace obtained through the activation of a single pair of chambers of (A) Module A and (B) Module B.



Observing the performances in terms of workspace for both modules and comparing the results with the STIFF-FLOP module (i.e., the bending angle is 132.2° at 1.2 bar Abidi et al., 2018), the integration of the fibers considerably decreases the module workspace. This effect was predictable and is supported by the data about stiffness variation, but this is an acceptable limitation for the intended application. In this work, the main aim is to improve the effectiveness of the two-module surgical manipulator by increasing its stability and this can be done by using a proximal module equipped with the stiffening systems (sacrificing part of the workspace) and a distal one with high dexterity and no stiffening capabilities.



Shape Locking Capability

The shape locking capability has been evaluated as the residual bending angle the module is able to maintain once the vacuum in the stiffness chambers is activated and the pressure in the fluidic chambers is removed. This effect is strictly related to the amount of fibers that are involved in the jamming transition phenomenon.

As expected, Module B presents a higher residual bending angle (Table 4). This module relies on a higher number of fibers and, looking at its overall design, its body has less silicone parts that in general give a large contribution in the elastic return of the module (i.e., recovery of its initial configuration once the deformation has been removed).



Table 4. The table summarizes the residual angles measured for the two modules.

[image: image]






Overall Comparison

The results of the comparative analysis are summarized in Figure 9. Considering the STIFF-FLOP module as a reference starting point, both modules represent an improvement as they both demonstrated stiffening capability. However, this came with a significant reduction on flexibility and dexterity. This affected Module B more than Module A, mainly because of the higher number of fibers that have been integrated. It implies that the stiffening/stability is better for Module B (being directly proportional to the number of fibers), but to the detriment of dexterity. The only exception is represented by the passive tests (reported in Table 2) where the presence of the fibers seems to have a negative effect more on Module A than B. This suggests that: the presence of the fiber jamming system tends to make the module more flexible, but if a fluidic input is applied (whether it be vacuum to the jamming-based system or inflation of the fluidic chambers), a stiffness variation is induced and this variation is directly proportional to the volume of the fiber jamming chamber. This means that the fiber jamming system influences the behavior of the module both through direct or indirect activation.


[image: image]

FIGURE 9. Module features: for each module architecture, weight, the presence of the inner free lumen (i.e., working channel), the number of MPs, the integration of a variable stiffness mechanism and the performance in terms of stability and flexibility are reported.



Having a look at the system in terms of MPs and operational functionalities that a surgical manipulator should have in order to augment surgeon's abilities, Module A does not alter the motion capabilities of the STIFF-FLOP module, the central free lumen can no more be used for instrument insertion. Module B keeps the internal free lumen, but can only bend in one direction, meaning that the rotation of the supporting rod (the roll degree of freedom) must be enabled to restore omnidirectional bending (with severe implications on maneuverability).

The results highlight that, so far, there is no optimal solution that satisfies all the desired requirements in terms of miniaturized dimensions, free lumen for passing tools up to the tip, stiffness variation, flexibility and dexterity. The approach used in this work revealed an inverse relation between stiffness variation and motion performances, thus an optimal balance should be identified on the base of the target application. In particular, stiffness, and motion capabilities can be tuned in order to guarantee dexterity and flexibility for a soft and delicate navigation within the human body until the target district for the surgical task (e.g., retraction, suturing, and dissection) is reached, where on contrary stiffening is required for an effective force transmission.




CONCLUSION AND FUTURE WORK

Starting from the preliminary results obtained by Brancadoro et al. (2018), here we presented a possible exploitation of the fiber jamming transition technology as a variable stiffness mechanism integrated in the STIFF-FLOP soft manipulator. The STIFF-FLOP original module has been re-designed following two different approaches. The two new modules have been evaluated in terms of dexterity and variable stiffness capability. A comparative analysis has been carried out to study to what extent these two characteristics influence each other and to identify suitable compromises.

Results allowed defining the layout that presents the better trade-off between technical requirements and stiffness variation. A further outcome of the present study regards the awareness that the technology still needs further studies to be mastered, to define protocols and to standardize the manufacturing procedure, which so far is carried out through multiple manual steps as summarized in Figure 4.

In this view, the fiber jamming technology demonstrated to have suitable features for enabling a stiffness variation in soft bodied devices and in our specific case it is facilitating the shift from an endoscopic tool (mainly devoted to inspection and whose main requirements are dexterity, maneuverability and safe interaction), to a surgical tool (that should be able to transfer effective forces to the tissues and stabilization).

While the performances of the original STIFF-FLOP soft manipulator used as an endoscopic tool have been already proved in cadaver tests, the new capabilities enabled by the introduction of the fiber jamming technology still need to be tested in a real environment. Future activities will be focused on the assessment of the effectiveness and the advantages of such an approach in real surgical procedures (such as organ retraction, suturing, or dissection). On the other side, further studies on the physical principle at the base of fiber jamming transition itself could elucidate the main parameters affecting its performances and help defining design guidelines for the use of this technology.
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Soft robots have the potential to significantly change the way that robots interact with the environment and with humans. However, accurately modeling soft robot and soft actuator dynamics in order to perform model-based control can be extremely difficult. Deep neural networks are a powerful tool for modeling systems with complex dynamics such as the pneumatic, continuum joint, six degree-of-freedom robot shown in this paper. Unfortunately it is also difficult to apply standard model-based control techniques using a neural net. In this work, we show that the gradients used within a neural net to relate system states and inputs to outputs can be used to formulate a linearized discrete state space representation of the system. Using the state space representation, model predictive control (MPC) was developed with a six degree of freedom pneumatic robot with compliant plastic joints and rigid links. Using this neural net model, we were able to achieve an average steady state error across all joints of approximately 1 and 2° with and without integral control respectively. We also implemented a first-principles based model for MPC and the learned model performed better in terms of steady state error, rise time, and overshoot. Overall, our results show the potential of combining empirical modeling approaches with model-based control for soft robots and soft actuators.

Keywords: soft robot control, soft robot actuation, model predictive control, DNN, machine learning


1. INTRODUCTION

Although model-based control can generally result in control that is superior to methods that do not rely on models, it is often difficult to justify the effort required to perform system identification or model development for complex systems. A common result is that we identify models that describe the system dynamics poorly and result in control that is barely (if at all) on par with basic feedback control methods such as PID control. As an example, soft robots are especially hard to model accurately for model-based control. The specific platform shown in Figure 1 has three joints that are made of antagonistic blow-molded plastic pneumatic chambers, where each joint has two degrees of freedom. In past work, Gillespie et al. (2018), we have shown that for a single degree of freedom soft robot, we could learn a model that performed on par with a linear model that we derived from first principles and traditional system identification techniques. However, in the case of the platform in Figure 1, we have all of the same problems that exist with the previous one degree of freedom platform (e.g., non-linear gas dynamics, hysteresis in joint behavior, state dependent stiffness and torque output, etc.), in addition to having to deal with linearizing and discretizing a 24 dimensional non-linear set of ordinary differential equations to describe the rigid body dynamics of a 3-link, 6-DoF pneumatic robot. As a first step toward learning models for soft robot control with a large number of degrees of freedom, we show that we can learn a discretized, non-linear model of the full robot from a non-linear simulation which allows us to achieve better control performance than the linearized model that is based on first principles. Although we are not advocating ignoring all physical intuition, we propose in this paper that it is possible to use recent advances in machine learning to rapidly develop an empirical model that can handle some of the non-linearities and complexities listed above for this system, and that can be used for control.


[image: image]

FIGURE 1. Series of joint configurations showing how this six degree of freedom pneumatic continuum robot can move.



To model the unknown dynamics of our soft robot, we turn to the tools of deep learning. Deep learning is one of the most compelling advances in machine learning in recent memory. It has swept over both industry and academia, crushing benchmarks and generating impressive progress across fields as diverse as speech recognition (Dahl et al., 2012; Hinton et al., 2012; Deng et al., 2013; Abdel-Hamid et al., 2014), parsing of natural scenes (Lee et al., 2009; Socher et al., 2011), machine translation (Cho et al., 2014; Sutskever et al., 2014; Zhang and Zong, 2015), robotics (Eitel et al., 2015; Wulfmeier et al., 2015; Zhang et al., 2015; Levine et al., 2016), machine vision (Krizhevsky et al., 2012; Schmidhuber, 2012; Szegedy et al., 2015; Zeng et al., 2015), and even the game of Go (Silver et al., 2016).

A system like the robot described in this work, with severe hysteresis and unknown state interactions, is difficult to model even with explicit non-linear dynamics. These difficult-to-model dynamics are a perfect candidate for universal function approximation with deep neural networks, or DNNs. The only requirements for the approach proposed in this paper are that we must define the state variables and inputs based on our physical intuition about the problem. Additionally, we must be able to record data at each time step for our current states and randomized control inputs. Then we can train a deep neural net to approximate the non-linear, discretized dynamics and then linearize that model at each time step for control.

Our specific contributions include the following:

• Development of a non-linear neural network (NN) architecture for dynamic modeling of a 6 DoF pneumatic robot with soft actuators based on data from a full non-linear model.

• Development of a model predictive controller that can use the partial derivatives of the NN at every time step in order to remain tractable for low-level, high-bandwidth control while modeling joint configurations, joint velocities, and joint pressures.

• Development of a first-principles-based model and a model predictive controller for a 6 DoF continuum pneumatic robot with soft actuators.

• Identification of specific open questions relative to learning more accurate dynamic models for future model-based soft robot control.

• Validation and benchmarking of the non-linear NN model for model-based control against the first principles model for a large number of degrees of freedom.

The last contribution is especially interesting as we expect this approach to generalize to other difficult-to-model actuators or robot systems where model-based control would be expected to improve low-level control performance but system identification or even model development is particularly difficult.

The rest of this paper is organized as follows, we first describe related work in section 2.1. In section 2.2, we describe our robot platform. Section 2.3 describes the modeling and control of the robot. Our results are presented in section 3 and we discuss the results in section 4.



2. MATERIALS AND METHODS


2.1. Related Work

Past research that is related to the work we present in this paper can be divided into two main areas. The first is using neural networks either as a model for model-based control or as a controller itself. The second area is other parametric models that are used to produce optimal control policies. After discussing these areas, we also briefly address related work on controlling soft robots. More background on research using model predictive control in robotics can be found in Jain (2013) and Best et al. (2016). However, it is important to note that model predictive control solves a finite horizon optimal control problem at each time step subject to the model dynamics as an equality constraint along with any other defined constraints on the states and inputs.

2.1.1. Other Learned Models for Model-Based Control

Although traditional robotics modeling has focused on system identification of traditional physics-based models (see Swevers et al., 1997; Park et al., 2011), the last 20 years has seen a significant increase in the number of empirical models and methods that have been developed (see Nguyen-Tuong and Peters, 2011). One common approach is to use Gaussian Processes (GP) to model the dynamic system and this seems to have first been done in the chemical processing industry (see Kocijan et al., 2004 for example). Currently in robotics, GP has been used to develop a policy search algorithm for a robot arm with imprecise actuators and cheap sensors (Deisenroth et al., 2011), or for more general purpose control policy development (Deisenroth et al., 2015). Other researchers have used Gaussian Mixture Models such as in Calinon et al. (2007). We make no direct comparison to these other modeling methods in this paper, but expect that this would be a worthwhile comparison in future work.

Although there exists a large number of other learning methods that we could have used or compared against (e.g., Gaussian Processes, or support vector machines), we have chosen DNNs for their unique properties that make them an ideal choice for this application. Specifically, both GPs and SVMs require fixed-size data sets, but our vision is to extend this work to on-line scenarios where system identification happens concurrently with control. In addition, an important aspect of using DNNs is differentiability. Part of the appeal of using DNNs is the fact that many off-the-shelf frameworks for deep learning (Tensorflow, MXNet, pytorch) all support automatic differentiation. This makes it easy to compute the gradients of dynamics with respect to control inputs, which is needed for MPC. In contrast, we are not aware of any existing GP/SVM packages that have similar capabilities.

2.1.2. Neural Nets

The approach of using neural networks (similarly to model predictive control), appears to have come from the chemical processing industry and work that is most relevant to our approach for robotics was found in Psichogios and Ungar (1991), Piche et al. (1999), and Draeger et al. (1995) and is still an active area of research (Patan, 2015).

Early work using neural networks for modeling robots was done in Kiguchi et al. (1999), but it was not used for control. In Tan et al. (2007) they use neural networks to learn disturbance models online while controlling, while in Huang et al. (2000) and Huang et al. (2002) radial basis functions are used to learn friction effects modeled in an adaptive control scheme. These adaptive control ideas could be particularly applicable to our platform in future work as the air bladders in our soft robot tend to wear or shift over time, which then changes the dynamic model. In Yan and Wang (2011) Yan and Wang use a recursive neural net to represent the higher order error terms that result from a Taylor series linearization. While in Yan and Wang (2014) they use a minimax optimization and learn a neural net model for part of their unknown dynamics. In both cases, the only results shown are in simulation.

More recent work has focused on learning controllers or models for high-level tasks. In Lenz et al. (2015) for example, they use a recurrent neural net to learn features of specific classes of fruits and other foods in order to more efficiently slice the food. The formulation is application specific but uses the neural network gradients similarly to our approach. For the work in Zhang et al. (2016), they used a DNN to learn a MPC control policy for UAVs. Levine and Abbeel do policy search using locally linear dynamics models to learn neural network controllers for different robot tasks (e.g., swimming, insertion) in Levine and Abbeel (2014). Finally, Fu et al. (2015) use neural networks to generate and adapt models online that can be used for model-based reinforcement learning to learn a control policy that makes use of iterative LQR. Although the output is a low-level torque for each joint, this approach does not generalize to more basic capabilities such as force or position control. Low-level control is our current interest given the inherent non-linearity and complexity of our platform even without interacting with complicated environments.

In general, using neural nets for system identification is a well-known method (Narendra and Parthasarathy, 1990), but the novelty of our paper is that we apply the method to control soft robot platforms by combining neural nets with MPC for low-level control. There is an inherent trade-off for controllers when using these types of black box modeling. The trade-off is that we can either develop controllers that can be used for multiple tasks when the tasks can be decomposed into specific and explicit force or position requirements or we can develop controllers for tasks where even the desired force and position profiles are uncertain with respect to the robot hardware. In the second case, learning the task rather than (or in addition to) the robot dynamics is necessary but is a next step to the work we present here for low-level control of soft robots.

2.1.3. Soft Robot Control

A significant portion of soft robot research described in the survey (Rus and Tolley, 2015) was focused on design methodologies instead of closed-loop control performance and so most robots were controlled with open-loop strategies such as in Shepherd et al. (2011) and Tolley et al. (2014). Research that is most related to ours in terms of trying to control a robot to a specific configuration includes the use of inflatable links with cable tendons (Sanan et al., 2009, 2011), fluid drive elastomer (Marchese et al., 2014a,b; Marchese and Rus, 2015), or rotary elastic chamber actuators such as in Ivlev (2009) and Gaiser et al. (2014). However, in addition to other differences with past soft robot control work that we outline more specifically in Best et al. (2016), as far as we know they have not developed control for these robots based on learned empirical models like those that we present in this paper. This is true except for work in Thuruthel et al. (2017) where they learn dynamic models similar to what we present. However, they use those models in an open-loop control scheme which may be problematic in the case of model error, change over time, or any kind of disturbance. A recent survey that explains the state of the field for soft and continuum robot control can be found in George Thuruthel et al. (2018).



2.2. Robot Platform Description

The platform used for this research was a compliant, continuum robot with six actuated degrees of freedom (see Figure 1). Each joint consists of four pneumatic chambers made of blow-molded plastic. The top and bottom sections of the actuator are connected with a cable putting the bellow actuators in compression to some degree. By filling or venting each chamber, we can get motion about two different axes of rotation as shown in Figure 2. The platform was developed and built by Pneubotics, an affiliate of Otherlab. In our previous work, we applied the methods presented in this paper on a one degree of freedom, fabric-based, soft robot joint. In this paper, the platform we use still has soft joints and is pneumatic. However, rigid components are used to connect the soft joints. The motivation for using learning is however unchanged since the joints exhibit very non-linear behavior including the gas dynamics, hysteresis, non-linear stiffness, and other non-linearities.


[image: image]

FIGURE 2. Kinematic frames and model used for blow-molded continuum joint.



Because each joint is a continuum with two degrees of freedom, it is necessary to describe its configuration with two joint variables. We represent rotation at the joint using a vector constrained to be in the plane of the base of the joint as seen in Figure 2. Because it is constrained to a plane, the vector only has two components which we name u and v. These are our joint configuration variables. The magnitude of this vector (ϕ) is the rotation angle about a single axis, while the vector describes that rotation axis. Joint configuration estimation is accomplished in real-time using software supplied by the manufacturer. This software uses data from IMUs mounted on the rigid links to estimate u, v, [image: image], and [image: image].

Joints are actuated by controlling pressure separately in each of the 4 chambers in each joint (12 pressures total for the arm). While the bottom joint has 8 chambers, these are controlled in pairs of two, so it is effectively a larger version of the 4 chamber joints. For this work, supply pressure was maintained at 70 PSI while pressures in the chambers were limited between 18 and 55 PSI by the controller. These pressure limits were enforced to ensure the robot did not damage itself.

We use the Robot Operation System (ROS) to access state estimates as well as to send pressure commands. Our MPC controller code is operating in non-realtime on an Ubuntu workstation, while the state estimation and low level pressure control is being executed at 1,000 Hz on a PC with a real-time linux kernel.



2.3. Development of Dynamic Models

2.3.1. First Principles Dynamics Model

A model of the evolution of system states was derived from first principles based on material properties, lengths, and masses provided by the manufacturer of the robot. Because commanded pressures were not achieved instantaneously, it was deemed necessary to model the dynamics of pressures and the high rate pressure controller. The entire state of our system is therefore [image: image] where p is the vector of the pressures in the 12 chambers (4 per joint), [image: image] is the vector of 6 joint velocities ([image: image]), and q is the vector of 6 joint positions ([u1, v1, u2, v2, u3, v3]). The inputs to our system are u = [pref] where pref is a column vector of commanded pressures sent to the high rate PID pressure controller.

The pressure dynamics were modeled as first order according to the differential equation

[image: image]

where α is a diagonal matrix of constant coefficients which represent the speed of filling or venting a chamber.

The dynamics of the links were modeled using the equation

[image: image]

where M(q) is the joint space inertia matrix, [image: image] is the joint space Coriolis matrix, Kspring and Kd are spring and viscous damping terms which are significant in our elastic continuum joints, τgrav is a vector of the torques caused by gravity, Kprs is a matrix which maps the pressures in the chambers to torques at the joints. While this model could benefit greatly from further system identification, we report results using this model and leave model improvement for future work.

Placing all of the state variables and derivatives into state space form we can write

[image: image]

where
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By writing the model in this way, we are assuming that the state dependent matrices in A change slowly over the time horizon in our controller [similar to our models in past work Killpack et al. (2016) for rigid robots with compliance at the joints]. The discretization of the continuous time state space matrices is done using the matrix exponential, which gives

[image: image]

where
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2.3.2. Deep Neural Net Architecture and Model

A Deep Neural Net (DNN) of the form shown in Figure 3 was trained as a discrete-time dynamic model for the velocity states of our system. Because we have fairly accurate and simple representations for pressure and position, we represent those using first principles methods. The entire model consisted of about 3.4 million nodes in an architecture similar to the Unet architecture used for image processing (Ronneberger et al., 2015), except our architecture uses fully connected layers with ReLU activations instead of convolutions. The model used for this work was trained for less than 1 h on a NVIDIA Titan X GPU. The DNN can be described as finding the change in velocity between time steps k and k+1 taking as inputs the entire state and inputs at time k. Assuming our system is a first order Markov system, this approach should be very reasonable. The DNN can be represented as a function of the form

[image: image]
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FIGURE 3. DNN architecture implemented to predict future velocities.



As a method of collecting a large amount of data very quickly and without wear or danger to the actual robot, we used the non-linear first principles model outlined above (before discretization and linearization) to train the DNN. Non-linear simulation was accomplished by integrating the state space equations at a discretization of 0.001 s. In order to train the DNN to predict [image: image] at a discretization of 0.05 s, the non-linear simulation was carried out for 50 integration steps. Because pk, qk, and pref all have definite bounds, these were sampled uniformly within their bounds. However, [image: image] is not bounded, so samples were drawn from a mean zero normal distribution. In an attempt to scale the input space equally, p and pref were scaled and offset to be mean zero values between –1 and 1. Using units of radians q was bounded by +- [image: image].

It should be noted that a method to learn new features while maintaining old ones could be used to improve this model (Rusu et al., 2016), however our control results demonstrated acceptable performance without this step. An example of open loop prediction of joint positions using the DNN compared to the first principles model and measured data can be seen in Figure 4. The error statistics for both position and velocity are reported in Table 1.


[image: image]

FIGURE 4. Simulations using the same initial states and a 30 s input trajectory are rolled out using the DNN model and the first principles model. For most of the trajectory, these lines are indistinguishable.





Table 1. Error statistics for a 30 s rollout of arm dynamics.

[image: image]




Using a non-linear optimization, this non-linear model could be used for MPC, however in order to ensure that we solve at fast enough rates for real-time control we choose to linearize this DNN model using the Taylor Series expansion. The Taylor expansion of our DNN model (Equation 11) linearized about x0, u0 is

[image: image]

where the partial derivatives are of the DNN's outputs with respect to its inputs. While these partial derivatives of the entire non-linear DNN may be too long and complex to write by hand, they are easily obtained using the automatic differentiation library already included as part of the DNN training library.

Because the DNN only predicts the velocities at the next time step ([image: image]), we must supply a discrete model for pressures (pk+1) and positions (qk+1). For positions we use a simple numerical integration using the trapezoidal rule:

[image: image]

while for pressures we use the simple discretization of Equation 1

[image: image]

The discrete-time state space equation for this system is given by

[image: image]

where
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2.4. Model Predictive Control Development

The linear discrete-time state space models (Equations 7, 15) are used as constraints in an MPC controller that is run at 20 Hz. A flow chart for the control process can be seen in Figure 5. The outputs from the model predictive controller are reference pressures that are sent to a low level PID pressure controller running at 1,000 Hz.


[image: image]

FIGURE 5. Control loop diagram showing the MPC controller sending pressure commands (pref) to a low level PID pressure controller.



Feedback for the MPC controller is given by a state estimator supplied by the manufacturer. This state estimator uses IMUs and pressure sensors mounted on the arm to estimate p, [image: image], and q. This data is updated at a rate of 1,000 Hz.

The solver that we used for MPC was generated using CVXGEN (see Mattingley and Boyd, 2012 for more details about the optimization and constraint handling), a web-based tool for developing convex optimization solvers, with a horizon of 4 time steps. The cost function minimized across the horizon T is

[image: image]

subject to the system model as constraints, as defined in Equations (7, 15) (the first principles and DNN dynamic models respectively), as well as the following additional constraints:

[image: image]
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where Q and R are scalar weights manually tuned for performance, qmin and qmax are the joint limits, and pmin and pmax are minimum and maximum pressures. It is important to note that the weights in the cost function for MPC are what will determine the performance of the control to a large degree in terms of traditional metrics like rise time, steady state error, and overshoot. Also note that the weighting matrix R penalizes change in pressure from one step to another. This term discourages very fast motions and eliminates the need for velocity constraints.

We used the exact same weights and constraints for all controller comparisons. We instead varied only the model (either based on first principles or the DNN learned model) and whether or not an integrator was used. When an integrator was used, the following equation was used to handle steady state error with integral action:

[image: image]

When the integrator was used, it was only ever active when the combined error in joint angles versus their commanded angles was less than 0.4 radians to help with overshoot. Although step inputs are notorious for exciting overshoot and oscillation in underdamped systems, as opposed to trajectories smoothed with sinusoids or polynomials, we wanted to test the performance of our models and controllers and therefore we sent direct step inputs to each joint. In the future, these same commands could be smoothed to likely achieve better performance. However, the same could be argued if our models continue to improve and our model predictive controllers are able to make use of methods to predict further into the future (see more discussion in section 4).




3. RESULTS

In each trial for our experiments, the same set of commanded joint angles (u and v for each joint) were sent to the controller with 20 s intervals between commands. The commanded angles are found in Table 2 and were selected in order to force the arm to move through most of its workspace. Step commands are not traditionally used in robotics due to the fact that they can induce unwanted dynamics or oscillation, even in traditional rigid robots. However, in this case, we want to test our controller's ability to use the model to mitigate unwanted behavior, similar to some of our past work (see Rupert et al., 2015; Terry et al., 2017). The results for the same model predictive controller using the two different linearized models (first-principles and DNN), and with and without integral action, are found in Figure 6. A video showing the robot moving through the same joint configurations as those found in Table 2 and shown in Figure 1 can be seen at https://youtu.be/ddA0g0yKjOc. The controller used in the video is the DNN MPC controller with no integral action. The video also shows the compliance of the soft actuators when perturbed by an external disturbance.



Table 2. This set of joint angle commands move the continuum robot arm throughout the workspace and are used to evaluate performance.
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FIGURE 6. Each plot shows a comparison of different time responses for a single joint in a single direction of actuation (where each joint has a degree of freedom in the u and v directions as shown in Figure 2). For each joint, the time response for four different conditions is shown–(1)MPC with a deep neural net (DNN) model, (2)MPC with a DNN model and an integrator, (3)MPC with a first principles (FP) model, (4)MPC with a first principles (FP) model and integrator.



In addition, the median steady state error, rise time, and overshoot for each joint and each controller is included in Table 3. We also included an average across all the joints for each controller and the controller that performed the best is shown in bold. Where C1 refers to the first principles MPC without integral control, C2 refers to the first principles MPC with integral control, C3 refers to the DNN MPC without integral control, and C4 refers to DNN MPC with integral control. In all cases, the controller that performed the best was one of the neural network model predictive controllers (C3 and C4, without or with integral control).



Table 3. The average steady state error, 90% rise time, and percent overshoot are all reported for each joint and controller.

[image: image]




Although it may be desirable to track sinusoids or other trajectories for different applications, step inputs are the most difficult input for underdamped systems. In this case, if the soft, underdamped robot gives good control performance without having to slew the control input, we have evidence that the learned model is effective.



4. DISCUSSION OF RESULTS, FUTURE WORK, AND CONCLUSIONS

One of the most interesting results is that the both models make full use of the multi-input system by driving pressures in opposing chambers in opposite directions in order to get a joint to move more quickly. This is something that we expect to see in the first principles when we explicitly model torque as a function of the two actuation pressures. However, in the DNN model, the behavior of the system was learned automatically by the DNN and exploited by the model predictive controller.

Both approaches have strengths and weaknesses with respect to ease of implementation. Given decent model parameters, a first principles model can be derived and verified with real data. This allows you to see the predictive power of your model and to reason about where errors are being introduced (e.g., underestimating mass causes velocities to be higher). While training a DNN model on data is theoretically much simpler and requires less system and theoretical knowledge, in practice it can be difficult to obtain large quantities of high quality data with which to train, especially on real robots. Moreover, if the DNN model does not predict well, it is difficult to discern if the problem is with the architecture, the training method, the data, or simply the quantity of the data.

Once both methods are implemented, it is again theoretically much simpler to update the DNN model given new data. This could be useful for slow system changes due to phenomenon such as creep or possibly even for quick system changes such as when an object is grasped in a robotic end effector. The equivalent process with a first principles model is adaptive control, which is still an active area of research. Whether one of these is simpler in practice remains for exploration in future work.

As can be seen in Figure 6 and Table 3, the DNN MPC was able to control to positions with lower rise time, overshoot, and steady state error, than the first principles MPC. This is interesting especially because the DNN was trained exclusively on data produced by the non-linear first principles model. We expect that this performance increase is in part due to how the DNN model is linearized (using the Taylor series expansion) as opposed to how the first principles model is linearized (maintaining A and B constant). This is supported in the findings of Terry et al. (2017). However, this ends up being one of the benefits of the learned model. It handles, the discretization and linearization in a more straight forward way than the when dealing with the non-linear first principles model, while still giving comparable or better performance.

It should be noted that in the DNN model, only velocities were predicted using the DNN, while pressures and positions were found using first principles models and discretization techniques. This was done because it proved to be much more difficult to train a DNN capable of predicting the entire state vector, as opposed to just velocities. While predicting the entire state was successfully accomplished in Gillespie et al. (2018), this was for a one degree of freedom system. We suspect that in order to extend this directly to many degrees of freedom, the DNN model would need to be much larger and be trained on much more data, or the DNN architecture would need to be changed to constrain the model to be more physically realistic. Since larger models require more data and would require more time to calculate gradients for control, smaller DNNs can be more useful in practice. We pose to the community as an open problem the correct architecture for discrete-time model prediction of dynamic states, since this will have a great impact on model and controller performance as well as training time and the amount of data required. Another open question is how to most safely and effectively collect data for learning the dynamics of a system such as a real robot, without damaging the robot.

Additionally, it is important to keep in mind that in this paper we are using a simple first-order Markov, feed-forward NN which cannot capture hysteresis. However, in future work, our same approach could be applied with more advanced DNN versions that can model hysteresis and other similar physical phenomenon. For example, it is possible to use k-th order Markov inputs, or train DNNs with state (e.g., LSTMs or GRUs) to remember inflection points.

We have shown that using a DNN with no initial knowledge about a complicated non-linear dynamical system except for assumed state variables and inputs, we can develop a high-performing model-based controller. Additionally, we have shown that our method which was first presented in Gillespie et al. (2018) is extensible to a more complex and large degree of freedom robot with soft actuators. In preliminary testing, the model predictive controller using a learned model performed better in terms of both overshoot and steady state error than a model predictive controller using a simplified linearized model based on first principles. Despite this success, we also note that it will be important in future work to extend our methods in two main ways. First we expect that constraining or parameterizing the model appropriately to cause a learned model to predict better after being trained on real data (as opposed to a non-linear simulation) will be essential to further improving performance. Additionally, in order to further improve dynamic response (such as rise time, overshoot, and settling time) we expect that using more tractable MPC methods with longer horizons and higher control rates (such as the method in Hyatt and Killpack, 2017 which make use of a GPU) will allow us to better control underdamped, difficult to model, soft robot actuators.
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Collecting seafood animals (such as sea cucumbers, sea echini, scallops, etc.) cultivated in shallow water (water depth: ~30 m) is a profitable and an emerging field that requires robotics for replacing human divers. Soft robotics have several promising features (e.g., safe contact with the objects, lightweight, etc.) for performing such a task. In this paper, we implement a soft manipulator with an opposite-bending-and-extension structure. A simple and rapid inverse kinematics method is proposed to control the spatial location and trajectory of the underwater soft manipulator's end effector. We introduce the actuation hardware of the prototype, and then characterize the trajectory and workspace. We find that the prototype can well track fundamental trajectories such as a line and an arc. Finally, we construct a small underwater robot and demonstrate that the underwater soft manipulator successfully collects multiple irregular shaped seafood animals of different sizes and stiffness at the bottom of the natural oceanic environment (water depth: ~10 m).

Keywords: inverse kinematics, soft robotics, underwater robot, soft manipulator, grasping


INTRODUCTION

Collecting seafood animals cultivated in the shallow water is a promising industry, which requires growing autonomic and robotic technologies. Traditionally, human divers are assigned to manually collect the seafood animals such as sea cucumbers, sea echini, scallops, etc. (Figure 1a). However, long-time working under the water depth of 10–30 m would cause the divers suffering from severe occupational disease including rheumatism, gout, osteonecrosis, etc. Collecting seafood animals in the harsh, shallow water environment requires small underwater robot and flexible manipulation system. Previously, the rigid robotic arms used for underwater manipulation have several challenging issues such as delicate grasping fragile and squishy seafood animals. Meanwhile, the traditional rigid hydraulic arms usually have large mass. The huge inertia caused by the rigid arm during locomotion would induce significant vibration for the small underwater vehicle (Fernandez et al., 2013).
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FIGURE 1. (a) Seafood collection by a human diver. (b) The snapshot of the underwater robot with a soft manipulator for grasping fragile sea animals. Multiple cameras are applied to provide underwater vision. The length of scale bar is 100 mm.



Soft robots provide an alternative way to collect these fragile sea animals, due to the properties of compliance and safe interaction. Recently, increasing studies on soft robotics have focused on the underwater applications. For example, robotic octopus arms achieved underwater locomotion (Calisti et al., 2011; Cianchetti et al., 2015); soft gripper has been used for biological sampling the coral reefs (Galloway et al., 2016); the origami gripper was applied to collecting delicate midwater organisms (Teoh et al., 2018); the jamming gripping was exploited in handling in deep sea (Licht et al., 2017); a soft glove was integrated to tele-operated control the soft wrist modules for biological underwater grasping (Kurumaya et al., 2018; Phillips et al., 2018).

Previously, the piecewise constant curvature (PCC) model has been developed (Webster Iii and Jones, 2010) and is used for modeling the flexible continuum robots (Webster et al., 2007) and soft elastomeric arms (Gong et al., 2017, 2018a,b), etc. The inverse kinematics modeling is another challenge issue. To address this challenge, previous studies have regarded the continuum joint as 3UPS-1PU-extensible structure for simplification and further developed the DH method for inverse kinematic modeling of flexible manipulator (Lakhal et al., 2014); Jacobian iteration was applied to determine the inverse kinematics for the underwater soft manipulator in the two-dimensional space (Marchese and Rus, 2016); machine learning algorithms were proposed to train a single soft actuator (Giorelli et al., 2015; Lee et al., 2017) and a two-dimensional soft manipulator (Jiang et al., 2017). Natural-CCD algorithm was proposed to generate simple, precise, and computationally efficient inverse kinematics (Martín et al., 2018). However, previous studies have not yet experimentally explored the spatial manipulation with inverse kinematics, particularly for the collecting tasks in natural underwater environment.

To complement a controllable underwater soft robotic manipulator for seafood grasping in shallow water, in this paper, we propose a novel inverse kinematic method. Based on an opposite-bending-and-extension structure of the robotic arm, our method enables point-point movements in three-dimensional space and trajectory planning. We mount the underwater soft manipulator on a small underwater vehicle and then demonstrate underwater picking and placing seafood animals. Our current study shows wide-open applications of soft robotic manipulator in the shallow water undersea environment.



MATERIALS AND METHODS


System Overview

Soft robots have intrinsic compliance, which have significant advantages for grasping these seafood animals (for instance, sea cucumber has a modules of ~106Pa). In order to implement the underwater grasping in shallow water, we construct a small underwater robot with a soft manipulator (modules around ~105Pa), as shown in Figure 1b. The underwater soft manipulator can achieve 3-DOF movement and grasping. A 4-DOF underwater remotely operated vehicle (ROV) is integrated with two cameras, one of which is for grasping from near top view, while another is for guiding movement from large side view. Through live cameras, both the underwater soft manipulator and ROV are remotely controlled by the human operator on a boat. The underwater soft manipulator is 360 mm in length (300 mm for only the soft arm) and 34 mm in diameter, with a total mass of 322 g. The robot measures 600 mm long, 500 mm width, and 300 mm tall, with a weight of 10 kg, and operated depth of 50 m.



The Underwater Soft Manipulator

We design and fabricate an entirely soft, underwater manipulator with soft gripper as the end effector (Figure 2a) (Martinez et al., 2013; Polygerinos et al., 2015; Hao et al., 2018). The underwater soft manipulator consists four sections: two bending segments, one elongation segment, and one soft gripper (Figure 2b). This bending segments and elongation segment are designed to have a circle shaped cross-section to decrease the hydrodynamic resistance in the water flow (Gong et al., 2018b). Each bending segment has three individual chambers. Meanwhile, it is covered with rubber tendons to reduce radial ballooning of the chambers when pressurizing (Figure 2c). We apply the fiber-reinforced actuator on the elongation segments to provide extension in the vertical direction while grasping underwater (Figure 2e).
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FIGURE 2. The design and principle mechanics of the underwater soft manipulator. (a) An overall side image of the underwater soft manipulator (scale bar 50 mm). (b) The underwater soft manipulator is applied modularized design that consisted of two bending segments, an elongating segment, and a soft gripper. θ1 and θ2 represent the bending angles of the two bending segments, and α represents the horizontal angle of the manipulator tip. The manipulator is actuated with an opposing curvature where θ1 = θ2 and α = 0. (c) The two bending segments had a joining angle of 180°. (d) θ1, θ2, and α are verified in one actuation with opposing curvature. The two bending angles (θ1, θ2) are almost equal, and the horizontal angle (α) is zero at each moment. (e) The fiber-reinforced elongating segment. The yellow arrow indicates the direction of elongation.



Note that we actuate the underwater soft manipulator in a special manner to simplify the kinematic modeling (will introduce later): the two bending segments are actuated with the same bending curvature but opposite bending direction. We regard that the kinematics is established on this opposite-bending-extension actuation condition. We integrate two bending segments at an included angle of 180° (Figure 2c). When we actuate the opposite chambers of the two bending segments, the underwater soft manipulator always perform the opposite-bending-extension condition even in the spatial space. Besides, the air pressures in the opposing chambers have linear relationship, which means only one pressure is required for the kinematics model. Under this linear relationship, the curve angles of two bending segments (θ1, θ2) are almost the same and the intersection angle at the horizontal level of the underwater soft manipulator tip (α) is zero, which is the soft gripper is always facing vertically down to the ground. Figure 2d shows θ1, θ2, and α in one trial when actuating the underwater soft manipulator. We find that the values of θ1, θ2, and α confirm the design to realize opposing curvature.



Kinematics Modeling

Figure 3a demonstrates the kinematics of the underwater soft manipulator. With opposite-bending-extension condition, the two bending segments shared the degrees of freedom (DOF) only have 2 DOF (x-y plane), while one bending segment has the DOF of the rotation φ and bending θ1 (or θ2). Due to the elongation segment (z-axis), we can achieve three DOF movements and grasping.
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FIGURE 3. Kinematics of the underwater soft manipulator. (a) The two bending segments of the underwater soft manipulator are always actuated with opposing curvatures. Thus, the bending angles are always equal (θ1 = θ2). (b) The kinematic transformation map. We focused on inverse kinematics (f inv) from the position parameters (xi, yi, zi) to chamber lengths (li1, li2, li3, le) via arc parameters (κi, φi, θi). (c) Geometric schematic in a bending segment, where φi represents the rotation angle around the z-axis; θi represents the bending angle around the y-axis; ri represents the radii of the bending curve; and Li represents the centerline length of the bending segment. (d) Geometric schematic of the cross-section, where h represents the distance between the arm surface and the center of the cross-section.



Opposing curvature patterns offers plenty of advantages on kinematic modeling. First, the attitudes of two bending segments {κi, φi, θi} (κi refers to the bending curvature of the ith segment) have very straightforward relationships (Equations 4–6). And we only need to calculate the attitudes of one segments. Second, it reduces the number of inputs (seven independent chambers totally to four independent chambers). Thus, it reduces half of the computation contributed to the fast solution of kinematics.

The modeling procedure can be realized in two parts (Figure 3b): (1) the transformation between the coordinates of the end effector {x, y, z} and chambers length {li1, li2, li3, le} (lij, the indexes i and j mean segment i chamber j; le, the index e means the length of elongation segment; the same as below). The essential point of this part is how we can get an inverse solution from {x, y, z} (three parameters) to {li1, li2, li3, le} (four parameters) without other inputs. (2) The transformation between chambers length {li1, li2, li3, le} and the pressure {pi1, pi2, pi3, pe}, the directly actuation parameter. By reason of the nonlinear response of soft material and complexity of structures, it is complicated to figure out (2) in a theoretical way, so we finish this work via experiments (Figure 5), and we fit formulas for the model-based control recording these results. In order to simplify the kinematics model, we make the following assumptions:

a) The bending section have the constant curvature rate, and the elongation section is straight. The curves are tangent at the intersection points.

b) The chambers in the same segment are parallel, and the cross sections are equal in the same section.
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FIGURE 5. Chamber lengths of the bending segments (red) and elongating segment (black) as a function of the actuation pressure.



Forward Kinematics

Previous studies have already shown how to solve the forward transformation questions (Webster Iii and Jones, 2010; Gong et al., 2017). Combining these methods with the structures and sizes of our soft arm (shown in Figure 3c), we can obtain coordinates of the segments tip {x, y, z} from the length of the chamber {li1, li2, li3, le} with the help of attitudes {κi, φi, θi}.
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In equations (1–3), d represents the radius of soft arm cross-section, and r1 is the radius of the bending curve. Particularly, we use the surface length to represent the chamber length mainly considering it is more accessible for measurement. After we got the attitudes parameters from the bending segment 1, we can get attitudes of the bending segment 2:
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Furthermore, we can also get the coordinate of soft arm tip {x, y, z} from the attitudes {κi, φi, θi} we got previously. Mathematically, we consider the underwater soft manipulator simply consisted of constant curvature curves (bending segments) and lines (elongation segments) based on the assumptions. The coordinate transformation in both curves and lines can be described by homogeneous matrixes shown in equation (7), where R is the rotation matrix, and p is the translation vector.
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Figure 3c shows the modeling of a single segment. We define orientation angle φi represents the rotation angle around the z-axis, curvature angle θi represents the bending angle around the y-axis, where i indicates the ith segment. In the bending segments, we consider the bending procedure as: first the soft arm rotates around y-axis with angle θi; second, the soft arm rotates around z-axis with angle φi. Moreover, we need to post-multiply the homogeneous matrix with the rotation matrix R(-φi) and zero translation. The transformation matrix for the bending segment is demonstrated in equation (8) In elongation segments, we only need to consider the translation on z-axis with a length of le (Equation 9).
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Thus, we can get the forward transformation of the whole soft manipulator (Equation 10).

[image: image]

Inverse Kinematics

With this inverse kinematics method, we can realize the coordinate based control and point to point movement of the underwater soft manipulator. That is the foundation of the picking and placing tasks, as well as the trajectory planning. Further, the quick solution of inverse kinematics also helps to improve the real-time control ability of soft manipulator. However, the inverse kinematics of soft robots (even continuum robots) is always a challenging problem (Webster Iii and Jones, 2010). The large group's nonlinear equations in the transformation matrix cause the huge complexity to the inverse solution.

We propose a rapid inverse solution on soft manipulators with the specific opposite-bending-extension condition. As we discuss above that the underwater soft manipulator has three DOF in coordinate space {x, y, z}. However, the underwater soft manipulator has four independent chambers {li1, li2, li3, le}. In order to get the chambers length {li1, li2, li3, le} (four outputs) from the coordinates {x, y, z} (three inputs), we propose a constraint condition: at most two chambers in a bending segment are actuated at the same time, so that at least one chamber in one bending segment is in initial length. Thus, the point of this method is to figure out which chamber is in initial length.

We also resolve the transformation from {x, y, z} to {li1, li2, li3, le} with the attitudes {κi, φi, θi}. First, we obtain the rotation angle φ1 from the given inputs {x, y, z}.
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Then we evaluate φ1 to figure out which two chambers need to be actuated. According to the geometry relationship in Figure 3d, we can give an equation where we represent the initial length with the attitudes parameters {κi, φi, θi}. The initial length of chambers can be pre-measured by camera calibration. Here, on the relationship κi = ri−1, we also regarded ri as attitudes parameter κi.

[image: image]

Considering the geometry relationship shown in Figure 3D, we derive another equation from the given coordinate:
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In equations (12) and (13), we can found that only r1 and θ1 are the unknown quantities. Combining the two equations, we can solve the rest attitudes parameters. Then, we easily obtained the length of all chambers {li1, li2, li3, le}.
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According to above equations, we obtain specific inverse transformation from {x, y, z} to {li1, li2, li3, le}. With the help of the pressure – length calibration (Figure 4), we can further transfer from {li1, li2, li3, le} to the actuating pressure {pi1, pi2, pi3, pe} for our model-based pneumatic control.
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FIGURE 4. The multi-channel pneumatic actuation system for the underwater soft manipulator. The system contains a microcontroller, power source, DA converter, ten proportional valves, and ten air pressure sensors.





Actuation and Control

The current soft manipulator is actuated by pneumatic pressure. We implement a multi-channel pneumatic driving system, shown in Figure 5. The system has ten pneumatic channels while each channel can generate pressure independently with maximum of 500 kPa to actuate the chambers in the underwater soft manipulator. The system contains a microcontroller (STM32F103, STMicroelectronics, Italy and France), DA convertors (PCF8591, NXP, Netherland), proportional valves (ITV0030-2BL, SMC, Japan), pressure sensors (ISE30A, SMC, Japan), an air compressor, and related software. We apply PID method in the closed-loop control of pressure, which is continuously adjusted according to the data from pressure sensors.

To control the underwater soft manipulator, we program the inverse-kinematics-model-based control algorithm in MATLAB. Calculating pressures from the reference coordinates, the software can conduct the underwater soft manipulator to pick and place object at specific positions. The calculated pressures can be sent to actuation system via RS232 communication protocol. By dividing the trajectory path into small segments (0.5 mm) and inserting desired points, we can control the underwater soft manipulator to follow a specific trajectory. In the field application, we also balance the pressures in chambers of the underwater soft manipulator according to the water depth. The balance transformation is shown in the equation (15), where pd is the pressure applied, p0 is the pressure calculated, ρenvironment is the underwater environment density (1025 kg/m3 is considered as the sea water density), hd is the depth where the robot works. It should be noted that the underwater soft manipulator is mainly designed for grasping fragile sea animals, which most of them are suspending in the water and have no load on the underwater soft manipulator. Currently, we have not considered the influence of the gravity and loads on control of the underwater soft manipulator.
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Laboratory Experiments Setup for Characterizing the Underwater Soft Manipulator

In order to evaluate the capability of the kinematic model, we perform experiments on the model based location error and trajectory planning. We apply a stereo cameras system to capture the motions and trajectories. The underwater soft manipulator is mounted in water and actuated by the multi-channel pneumatic system. The stereo cameras is carefully calibrated, and the error is less than 0.5 mm. Moreover, we rebuild the motions and got the coordinates of marker points from the images of different views. We perform the location error in different directions (φi) with the distance (d) ranging from 0mm to 100 mm, 10 mm of step length. We also perform the trajectory planning ability with paths of line and circle. Then, we run the workspace simulation in MATLAB.




RESULTS


Kinematic Model Validation, Trajectory Planning, and Workspace Simulation

The underwater soft manipulator is actuated to move different distances (d), and the average control errors (between the experiments and simulations) of both the distances and rotational angles of the manipulator's base (φi) are demonstrated in Figure 6. We found that the errors are within the range of 2.7~13.4 mm when the distances changing from 0mm to 100 mm. This error range is tolerant to the soft gripper while grasping [the tolerant deviation of gripper and objects that led to successful grasp (Hao et al., 2018)]. According to the kinematic model, simulation on the workspace of the soft arm is illustrated as Figure 7. The results show that the underwater soft manipulator collected a plate-shaped workspace with a size of approximately 400 mm in diameter and 100 mm height.
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FIGURE 6. Control location error as a function of operating radius d (0 to 100 mm).
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FIGURE 7. (a) The simulation of operating workspace of the underwater soft manipulator. (b) The front view of the workspace. (c) The top view of the workspace.



Furthermore, we demonstrate the trajectory planning ability of the underwater soft manipulator with paths of line shaped and arc shaped trajectories (Figure 8). While performing the line trajectory (Figure 8A), the underwater soft manipulator is actuated from the point A (−110, −64, −270) (unit: mm) to the point B (110, 64, −295) at a programmed speed of 32 mm/s. The red circles are tracked points from the experiments; the blue lines are the computer-programmed path. The black lines represent the underwater soft manipulator, and the black dots on the black lines represent the intersections of different segments. The results show that experiment trajectory has a small error from the desired path in 3D space. The tracked points match the programmed path well and the error is less than 6.6 mm (Figure 8B). In the arc shaped trajectory, the underwater soft manipulator is actuated from the point A (−55, −35, −285) to the point B (55, 35, −320) with a rotation angle of 120°, radius of 65 mm and programmed speed of 45 mm/s, as shown in Figure 8C. We observe a vibration when suddenly changed moving direction of the underwater soft manipulator (Figure 8D). Lines and arcs are the fundamental shapes of trajectory; therefore, we hope more complex trajectory tracking can be achieved in the future based on the current work.
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FIGURE 8. Controlled soft manipulator following trajectories of a line (A) and an arc (C). Distance response with time while tracking (B) the line trajectory and (D) the arc trajectory.





Field Test of Underwater Grasping

To examine the capabilities of the underwater soft manipulator, we construct an underwater robot with the underwater soft manipulator (Figure 1b), and perform the underwater grasping of fragile marine seafood animals (e.g., sea cucumbers, echini, etc.) in the natural undersea environment. A 4-DOF underwater vehicle is integrated with two cameras, which provide images from near top view for the grasping and large side view for the movement guiding. The movements of the underwater vehicle is under PID control that enable stable swimming and hovering. The underwater robot is powered from a ship floating above the grasping area. Both the underwater soft manipulator and underwater vehicle are under remote control via the real-time underwater cameras (transmitting images via cables). Figure 9 shows the system architecture applied for the undersea grasping, which is realized in three main steps: (1) The underwater robot is operated to approach the targets area and performs hovering and searching the seafood animal targets. (2) The underwater robot sinks to the bottom of the ocean. Then the underwater soft manipulator is controlled via inverse kinematics model to approach the undersea animals with the soft gripper open. (3) The underwater soft manipulator picks the target and places it into the collecting basket. While working underwater, the environment pressure is variable in different operating depth. Thus, the actuating pressures in chambers of the underwater soft manipulator are balanced according to the depth change (see Equation 15).
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FIGURE 9. System architecture of the underwater grasping robot. The system contains human-machine Interface, driving system and the underwater robot system. The underwater robot is operated to approach the target seafood animals by the human operator. Then the underwater soft manipulator is controlled pick and place the sea animals via inverse kinematics model. The whole process is monitored by cameras which facilitates the remote control of human operator.



Figure 10 shows the field grasping in the natural undersea environment (Figure 10a), where the depth is 10 m and the speed of current in the ocean bottom is about 2 m/s. The seabed is covered by sand and stones, and the animals spread around and even partially embedded in sand and rocks. Finally, we successfully grasp echini, sea cucumbers, and shells at the depth 10 m undersea within 20 min (Figures 10b,c).
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FIGURE 10. Undersea grasping with the underwater soft manipulator mounted on a small underwater robot. (a) The underwater grasping is demonstrated in the natural undersea environment at 10 m depth. (b,c) Grasping undersea animals (echini and sea cucumbers) with soft manipulator.






CONCLUSION AND DISCUSSION

In this paper, we construct a soft manipulator and ROV system for seafood grasping in shallow water. The underwater soft manipulator is designed and actuated as opposite-bending-extension condition and can achieve 3-DOF movements in space. It is controllable with a simple but rapid inverse kinematics. The results show that the error is less than 13.4 mm, and we achieve the trajectory planning by tracing the paths of a line and an arc. The experimental tracking points fit the desired position well in both positions and timescale. Finally, we perform the field test—we tested the manipulation capacity of soft arm in the natural undersea environment. The soft arm manipulator successfully grasp sea animals at a sea depth of 10 m via an underwater robot. Hopefully, this robot can be used for dexterous grasping in shallow water environment (0–50 m), and can replace the human divers for safely harvesting the seafood efficiently, without any damage.

We propose a simple and universal inverse solution for the underwater soft manipulators whose structure and actuation are followed the opposite-bending-extension condition. Distinct from the previous D-H method (Lakhal et al., 2014), machine learning model (Giorelli et al., 2015; Lee et al., 2017), and Jacobian iteration (Marchese and Rus, 2016), this inverse kinematics can be applied for the whole manipulator and does not require heavy computational resources, which enables real-time control in application. This method has also been tested and validated at the natural oceanic environment. The results have proved that reducing the DOFs of the soft manipulator is a possible approach to solve the inverse kinematics problem. The underwater soft manipulator with inverse kinematics can operate in the natural unstructured undersea environment without precise kinematic and force sensory feedback as the rigid manipulators do. Furthermore, the rigid robotic arms and grippers for the underwater manipulations have a huge mass and inertia which impacts their maneuverability. In contrast, soft robots have advantages of compliance and lightweight and may play an important role in underwater manipulation. Compared with the rigid hydraulic manipulators, our soft manipulator has exceptional features of lightweight and low inertia. The underwater soft manipulator has a mass of 0.322 kg (almost zero mass in water), while with a length of 360 mm. The current prototype is significantly lighter than the traditional rigid hydraulic manipulators that commonly has a mass of tens of kilograms, e.g., a hydraulic manipulator with a length of 499 mm has a total mass of 17.2 kg (Fernandez et al., 2013). Thus, locomotion of the underwater soft manipulator has negligible inertial effect for the underwater vehicle than the traditional rigid underwater manipulator.

Previous studies have shown the promising features of soft robots for the deep sea application (Calisti et al., 2011; Cianchetti et al., 2015; Galloway et al., 2016; Licht et al., 2017; Kurumaya et al., 2018; Phillips et al., 2018; Teoh et al., 2018). In this paper, we demonstrate a soft manipulator system with dexterous motions, which aims for the shallow water seafood animal grasping (sea cucumbers, echini, etc.). In the 10 m depth natural, undersea environment, our soft manipulator showed controllable motions under the inverse kinematic model. It can be remotely controlled to pick and place at the specific location coordinated with the underwater cameras, and we achieve more than 80% of succession rate of grasping multiple irregular shaped objects of different sizes and stiffness. Our results show that the underwater soft manipulator has inherent advantages of compliance and is promising for the future underwater manipulation. In addition, the multi-channel pneumatic actuation system and pressure balancing method (equation 15) plays significant roles in the real-world underwater grasping. Thanks to the pressure balancing method, the pressure differential inside and outside of the chambers can be maintained as constant. As a result, the underwater soft manipulator is able to achieve almost identically motions in different operating depth and collect seafood animals in the natural unstructured environment.

In this study, the inverse kinematics method reduce the DOFs to only three. Taking into account the control of the spatial angles of the manipulator tip, which has not been included in this study yet, will further complement the current soft manipulator prototype. Furthermore, pneumatic actuation is applied during current field tests, which results in a slow response time (based on the fact that we used a bunch of long pneumatic tubes) that constrains the manipulator's speed. In future studies, we will employ multi-channel hydraulic actuators with a system that can be mounted on the robot to enhance the grasping efficiency, as well as exploit a fully untethered underwater robot. In order to extend the application of this soft manipulator into the deep sea collection, we will explore the impact of water depth, oceanic current to the locomotion precision and stability in the future study. We will also apply more advanced modeling and control methods (such as the machine learning) to compensate for the system errors, and increase the grasping accuracy and dynamic response under the unstructured environment.
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Sensor design for soft robots is a challenging problem because of the wide range of design parameters (e.g., geometry, material, actuation type, etc.) critical to their function. While conventional rigid sensors work effectively for soft robotics in specific situations, sensors that are directly integrated into the bodies of soft robots could help improve both their exteroceptive and interoceptive capabilities. To address this challenge, we designed sensors that can be co-fabricated with soft robot bodies using commercial 3D printers, without additional modification. We describe an approach to the design and fabrication of compliant, resistive soft sensors using a Connex3 Objet350 multimaterial printer and investigated an analytical comparison to sensors of similar geometries. The sensors consist of layers of commercial photopolymers with varying conductivities. We characterized the conductivity of TangoPlus, TangoBlackPlus, VeroClear, and Support705 materials under various conditions and demonstrate applications in which we can take advantage of these embedded sensors.

Keywords: soft sensor, 3D printed, soft skin, resistive sensor, strain sensor, soft robotics


1. INTRODUCTION

3D printing has enabled many new design and fabrication approaches for robotics (Lipson and Kurman, 2013). In parallel, a new perspective on the role that materials play in robotic design has altered the building blocks and tools with which we create our robotic systems. The ability to print soft and rigid materials simultaneously using a single machine has expanded the realm of possibilities for fabricating robots, including systems that are biomimetic (Pearson et al., 2011; Kumar et al., 2017; Wang et al., 2017b) and ones that have improved resistance to impact through functional gradients (Bartlett et al., 2015).

In the long term, one goal of 3D printing is the ability to print an entire robot in one go and have it walk itself out of the machine upon completion (Lipson, 2015). Recent work has demonstrated this “get up and walk away" concept. Felton et. al. describe a method for building self-folding machines using laminate structures that fold themselves up in multiple stages and can walk away after receiving electronics and a battery (Felton et al., 2014). Similar in overall concept, MacCurdy et. al. used a multimaterial 3D printer to print fluid-filled bellows directly integrated into the transmission of their locomotive robot, which can also walk immediately after attaching a motor and battery without additional mechanical modifications (MacCurdy et al., 2016). However, neither of these robots possess sensing capabilities for feedback control and learning. In addition, robots that can get up and walk away entirely on their own require a built-in, on-board energy source. The previous robots have batteries added after printing, whereas robots like the EcoBots have a stomach for real digestion that enables them to sustain themselves (Ieropoulos et al., 2010).

Soft robotics is one field that has benefited significantly from 3D printing (Rus and Tolley, 2015). Robot designers can print both the molds for making soft robots (Florez et al., 2014) as well as the soft robots directly (Bartlett et al., 2015). However, a major challenge with soft robots is the development of effective sensors. Soft robots are not constrained to prismatic or revolute motions, and obtaining sensory feedback on these motions requires different types of sensors than those used for rigid robots. In addition, soft robots may require sensors that can be placed on complex surface geometries or embedded within the body.

Much of the soft robot development today has focused on actuation (Conn et al., 2012; Connolly et al., 2017; Miriyev et al., 2017; Kellaris et al., 2018). Sensor design for soft robots is complicated because flexible, compliant robots often have non-planar, complex surfaces that are difficult to cover and sensorize with traditional manufacturing techniques. Proper selection from among the wide range of design parameters (e.g., geometry, material, actuation type, etc.) is critical to the function of soft robots. Conventional rigid sensors can be effective for soft robots with constrained motions (Zhao et al., 2016; Homberg et al., 2018; Scimeca et al., 2018). However, the general case of a soft robot with a high number of degrees of freedom requires capabilities such as out-of-plane twisting. Sensors that are directly integrated into the bodies of soft robots and co-fabricated could help improve both their exteroception and interoception capabilities. We want to move toward highly integrated structural and sensing components as we see in biological human bodies, which may not be possible with discrete, rigid sensors.

Recently, interest in 3D printing soft robots has grown significantly. Previously, research groups have printed various actuators (Drotman et al., 2017; Kalisky et al., 2017) and bodies (Umedachi et al., 2013; Bartlett et al., 2015; MacCurdy et al., 2016) for soft manipulation and locomotion. Alongside the development of soft robot actuators, many groups have become interested in incorporating sensors and closing the control loop for feedback on the robot's interactions with its environment. Felt et. al. designed an inductance-based sensing system to measure and control bellowed continuum joints, by wrapping coils of wires and measuring changes in inductance (Felt et al., 2017). We (Shih et al., 2017) and others (Bilodeau et al., 2015; Farrow and Correll, 2015), have embedded soft sensors for measuring bending into the layers of pneumatic fingers, which enabled the fingers to estimate the shapes of various objects using tactile sensing (Bilodeau et al., 2015; Farrow and Correll, 2015; Zhao et al., 2016; Shih et al., 2017). Homberg et. al. clustered sensor readings from their fingers to identify correspondences to gripper configurations and to classify grasped objects (Homberg et al., 2015), Kim et. al. 3D printed pneumatic pouches and connected them to pressure sensors to sense when the pouches came into contact with external objects (Kim et al., 2015), and Pearson et. al. demonstrated tactile sensing in both compliant, 3D structures and soft, 3D printed actuators (Pearson et al., 2010).

Many groups have also begun experimenting with various fabrication techniques for soft sensors, particularly in the form of skin-like structures (Cheng et al., 2010; Bauer et al., 2014; Sonar and Paik, 2016; Devaraj et al., 2018). Muth et. al. customized a printer for sensor fabrication which embeds conductive material into a partially-cured silicone elastomer substrate that then fully cures and solidifies (Muth et al., 2014). Frutiger et. al. and White et. al have also 3D printed conductive materials for sensors (Frutiger et al., 2015; White et al., 2017). Inspired by mechanoreceptors found within skin, Lipomi et. al. and Tee et. al. developed skin-like sensors that can detect strain and pressure (Lipomi et al., 2011; Tee et al., 2015), and Yin et. al. fabricated a robotic skin that senses shear force (Yin et al., 2017). Multiple groups have explored using deep learning to understand deformations and changes in a soft robot using embedded, soft sensors (Han et al., 2018; Soter et al., 2018; Thuruthel et al., 2019). However, the integration of these skins into real-world robot systems for sensing remains an open problem (Silvera-Tawil et al., 2015). Having a separate skin also requires the robot designer to affix the sensing elements in a separate manufacturing step, limiting the ability to sensorize the complex, dynamic bodies of soft robots.

In this paper, we present:

• A method for printing multiple, soft materials simultaneously to produce a resistive sensing element using a commercial 3D printer, which enables users to incorporate arbitrary sensor geometries into their soft robots.

• Design considerations for creating sensors based on 3D printable conductive materials.

• A demonstration for how we can embed soft, complex-shaped sensors into compliant grippers.

A surprising aspect of what we present is that many researchers are thinking about how to make soft robots with embedded liquid metals, whereas commercially available systems today already allow us to directly print general conductive traces. We hypothesize that current commercial systems already allow for the fabrication of soft actuators with embedded sensors. Not only can existing systems already perform the manufacturing, but this approach also enables designs that would otherwise be very challenging for existing fabrication techniques, e.g., multilayer sensor or complex structures within a 3D body. With traditional lithographic approaches, it is not obvious how to fabricate such designs.

In section 2, we discuss background for the topic. In section 3, we explain the materials and methods that we used for the experiments. In section 4, we present and discuss the results, including the types of sensors that we printed and parameters that contributed to their conductivity, model of the sensitivity to strain, and experimental characterization of the sensors. In section 5, we present potential applications of the 3D printed sensors. Lastly, in section 6, we discuss conclusions and future work.



2. MATERIALS AND METHODS


2.1. Design and Fabrication of the Resistive Sensors

Many challenges exist with the integration of sensors into the body of soft robots. Current techniques are often unable to accommodate the elastic, large deformations of soft robots (i.e., the stretching and bending) that arise in applications such as wearable computing and smart textiles (Majidi, 2014).

We can overcome many of these challenges using a commercially available 3D printer (Stratasys Objet350 Connex3) that has the ability to mix conductive and dielectric materials. Many groups have produced actuatable soft robots with this tool: (Umedachi et al., 2013; Bartlett et al., 2015; Kim et al., 2015; MacCurdy et al., 2016; Drotman et al., 2017; Kalisky et al., 2017; Kumar et al., 2017; Wang et al., 2017b; Shih et al., 2018). We investigated whether this printer can also directly embed sensors into soft robot systems.

Materials that the printer can produce include a flexible, translucent photopolymer (TangoPlus FLX930); a flexible, black photopolymer (TangoBlackPlus FLX980); a rigid, clear photopolymer (VeroClear RGD810); and a flexible, low-yield polymer (SUP705) as support material. The black resin contains carbon particles (Stratasys, 2014b), which provide a small but measurable conductivity, and can serve as conductive traces for sensors. We created the geometry of the sensors using computer-aided design (CAD) software, fabricated our designs using the 3D printer, and secured the wires using silver paste and mechanical strain reliefs (Figure 1). Figures 2, 3 show the sensor-only designs and the test samples, respectively, that we characterized in this paper.


[image: image]

FIGURE 1. Overall vision of the pipeline for our 3D printed sensors. (A) Digitized CAD design with embedded, integrated sensing. (B) Multimaterial 3D printer that simultaneously co-fabricates both actuators and sensors. (C) Post-processing such as removing support material or wire connections. (D) Immediately deployable for real-world applications.




[image: image]

FIGURE 2. 3D printed, resistive, soft sensors and the correspoding CAD drawings. (a,d) Humanoid robot-front view. Enlarged drawings of the embedded heart-and brain-shaped sensors. (b,e) Multilayer strain and pressure sensor-top view. (c,f) Uniaxial strain sensor with mechanical strain relief and functional gradient to improve wire interface-isometric view.
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FIGURE 3. Stages of the process for removing the support material. (A) Newly printed block of material for characterization, with a matte surface finish. (B) Block of material after we mechanically remove the support material. Some patches of support material can remain on the surface. (C) Block of material after we wash it with distilled water and dry the sample.



The commercial material has comparable mechanical strain-to-failure properties as skin: it is reported to have 70–120% elongation at break (Stratasys, 2016). During our tests (section 3) we observed strain-to-failure of approximately 20%. However, even this reduced value may be sufficient for most applications. For comparison, most types of human skin fail after exceeding 15% strain (Kim et al., 2017). The physiological limitation is measured to be at most 45% in areas such as the fully flexed knee or elbow (Wessendorf and Newman, 2012; Kim et al., 2017). Thus, even with relatively low strain-to-failure, the commercial material may still be useful in creating bioinspired and biomimetic designs.



2.2. Removal of Support Material

The printer allows the user to choose between surface finishes that are either glossy or matte, where matte is achieved by coating the entire print in support material. We printed the test blocks with matte coatings to maintain a uniform surface finish. The dimensions of the test blocks were 10 × 10 × 50 mm, with 10 × 10 × 3 mm tabs for the measurement clamps (Figure 3). The process we use to remove the support material occurs in multiple stages (Figure 3). Because the support material appears to contribute to the conductivity (further evaluated in section 3.4), it is important to thoroughly clean the surface of the material or enclose it within a different material. In this process (Figure 3A), a fresh block of material comes off the 3D printer with a matte surface finish and is coated in support material. Figure 3B depicts the block of material after the support is mechanically scraped off the surface of the block by hand. Finally, as shown in Figure 3C, this process ends with the careful cleaning of any remaining support material on the surface of the block, by washing the block with distilled water and drying it.



2.3. Mechanical Strain Relief

As noted in previous work (Mengüç et al., 2014; Shih et al., 2018), attaching solid-core wires to soft materials can be difficult and result in an unstable connection because the wire can tear the soft material or gradually shift around. Thus, our solution for effective electrical connections is to combine: (1) soft insertion points for mechanically securing the wires, and (2) additional mechanical relief using an extra loop of wire to wrap around, which reduce the tearing of the electrodes when the sensor experiences strain.

For this sensor design, we included soft holes within the rigid material to function as a mounting point. The hole in Figure 4 connecting the points labeled 1 and 2 is filled during the printing process using the dielectric photopolymer (TangoPlus, FLX930), which provides mechanical relief by restricting the motion of the wire. At 3 and 4, we push the bare wire through the black elastomer and coat the wire and photopolymer interface with silver paste to increase electrical conductivity. In Figure 4, A represents a rigid photopolymer (VeroClear RGD810, Stratasys), B represents a functional stiffness gradient (consisting of TangoPlus and VeroClear: FLX9050, FLX9070, and FLX9095, Stratasys), and C represents a flexible photopolymer (TangoPlus FLX930, Stratasys).
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FIGURE 4. Our method for wire attachment. (a) Schematic for the wire attachment procedure - isometric view. We insert the wire at 1, and pass through in order of 1-2-3-4 to both distribute strain on the wire and to improve the electrical conductivity between the solid wire and the photopolymer trace. These numbers are only labeled on half of the sensor shown, for clarity. (b) Completed, physical version of the wire attachment - top view.





2.4. Experimental Setup for Measurement and Characterization

We connected the sensors to an inductance, capacitance, and resistance (LCR) meter (Keysight, E4980AL), which provides high precision measurements. We smoothed the sensor readings with an 8 point averaging filter on the LCR meter.

We prescribed the strain using a mechanical testing machine (Instron 5965) (Figures 5A, 10, 11A). For the multilayer sensor, we tested the pressure by placing a range of standard masses on top of the pressure sensor, which we converted to a pressure using the relationship ([image: image]) (Figure 11B).
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FIGURE 5. Test setup for characterization. (A) Setup to measure conductivity of blocks. (B) Setup to simultaneously measure strain and conductivity.





2.5. Removal of Water Content by Desiccation

Because of the constituent components in the 3D printer material (further explanation in section 3.4), we investigated how much of an impact water content had on mass and conductivity. In the desiccation process, we placed the test blocks in an air-tight, sealed container with packets of silica desiccant (Dry & Dry). Throughout multiple 1 h periods, we removed the blocks and reported the conductivity.



2.6. Preferential Strain Response of the Multi-Dimensional Sensor

We looked at the sensitivity of the multi-directional sensor by connecting it to the LCR meter while simultaneously stretching the sensor in the Instron. The parameters of the Instron include a strain rate of 0.0025 mm/mm/s (0.25% strain per second) and an auto-stop at 15% extension. Figure 5B shows the setup for simultaneously stretching the material while measuring the conductivity.



2.7. Model of Strain Response

For elastomer-like materials, the overall length of the channel increases while the cross-sectional area of the channel decreases when the channel of the sensor experiences axial deformation, leading to an increase in the resistance of the channel (Park et al., 2012). Here, we are ignoring the microscale, bond-level effects (Creton and Ciccotti, 2016) and assuming the change is dominated by macroscopic geometric change.

Assuming rectangular traces, we can represent the resistance of an undeformed sensor as:

[image: image]

where R0 is the resistance in the undeformed state, ρ is the electrical resistivity of the photopolymer, L is the length of the conductive channel, and w and h are the width and height of the cross-section of the conductive material, respectively.

The change in resistance of the stretched material is:

[image: image]

where R is the resistance when the sensor stretches by ΔL.

Next, we can replace Δw with −νϵw and Δh with −νϵh, and substitute [image: image] to obtain:

[image: image]

where ϵ is the strain and ν is the Poisson's ratio.

The Poisson's ratio for this photopolymer material is approximately ν = 0.49 (Slesarenko and Rudykh, 2017), which enables us to further simplify Equation 3 to:

[image: image]



2.8. Model of Pressure Response

We modeled the relationship between the change in resistance and contact pressure using linear elastic fracture mechanics (Park et al., 2010). Once again, assuming rectangular traces, we can represent the normalized change in resistance as:

[image: image]

where P is the pressure on the sensor and E is the elastic modulus of the material.




3. RESULTS AND DISCUSSION


3.1. Characterization of the Dependence of Conductivity on Orientation of 3D Print

Previous work has shown that 3D printers exhibit anisotropic properties depending on the orientation of the print (Wang et al., 2017a). Thus, we characterized the dependence of the conductivity on the orientation of 3D print. We tested samples of each of the TangoPlus, TangoBlackPlus, and VeroClear materials.

Our results (Figure 6) show that there is a difference in resistance measurements between TangoBlackPlus and TangoPlus in the x-axis and z-axis directions of the 3D print. However, in the y-axis direction, the conductivity changes minimally between the two materials. In all three directions of the coordinate frame, there is a substantial difference between the readings for the VeroClear and for the other materials.


[image: image]

FIGURE 6. Plot of the impact of anisotropy on the 3D printed material. Number of samples n = 10.



This phenomenon may be due to the spacing of the print heads. The commercial 3D printer moves along the x-axis of the bed and sputters droplets of uncured ink onto the print bed. The printer cures each layer of ink with a UV light before incrementing the positioning of the z-axis and moving to the subsequent layer. In addition, the roller component of the 3D printer, which smooths each layer of ink, also acts along the x-axis. This asymmetry in the plot could be due to increased overlapping of the ink in the x direction relative to the y direction. For the remainder of the experiments, we consider only the conductivity of the in-plane x-direction.



3.2. Characterization of the Dependence of Conductivity on Removal of Support Material

To characterize the dependence of conductivity on the amount of support material coating the surface of the blocks of material, we measured the resistance of the materials at various points throughout the process of removing the support material.

We observed that the resistance of the TangoBlackPlus and TangoPlus samples increased, meaning the conductivity of the samples decreased overall (Figure 7). This observation suggests that the support material contributed toward the conductivity measurement of each material, and indicated that the surface of various materials need to be thoroughly cleaned of support material.


[image: image]

FIGURE 7. Plot of how the resistance of the 3D printed materials changes depending on how much support material is on the surface. Each group of bars corresponds to the measurement along the various stages in the removal process of the support material (Figure 3). Number of samples n = 10.



In addition, the data show that the VeroClear material actually exhibited the most conductivity. While this result is interesting, we cannot directly integrate it into soft sensors or soft-bodied robots because of its intrinsic rigid mechanical properties. However, the relatively-lower resistance of VeroClear may be useful for other applications.



3.3. Characterization of the Dependence of Conductivity on Contact Resistance

While measuring the materials and designing the mechanical strain relief, we observed that the contact resistance due to the rigid wire and soft material appeared to play a significant role in the measurement of the conductivity. Thus, we characterized the dependence of conductivity on the contact resistance by comparing the material with and without wires (clamping onto the material directly with the LCR probes). Figure 8 shows the results of the comparison of the resistance pre- and post- wire attachment. Because the system is soft, it deforms upon clamping. We avoided directly clamping to the soft material by attaching a wire. The resistance measured when clamping directly to the material is less than that measured when a wire is connected to the material with silver paste at the interface because of contact resistance that the wiring introduced.


[image: image]

FIGURE 8. Plot of the dependence of the magnitude of conductivity based on contact resistance. We plot the magnitudes on a logarithmic scale to show the order of magnitude difference that the wire connection results in. Number of samples n = 3.



When the material comes directly into contact with the clamps for measurement, it gradually tears due to a stress concentration at the interface of contact. The mechanical breakdown of the material reinforces the need for a soft-rigid wire interface. By adding wires to the samples, we could reduce variance in the LCR measurements by providing a fixed point of attachment to the soft material. A single, physical point of contact also helped with the consistency of the measurements by reducing the mechanical wear of the LCR electrodes on the samples. Additionally, the mechanically strain relief (section 2.3) further helps with reducing the movement of the wires.

There may be two scales of physical behavior that influence the reading that the LCR meter produces: (1) the physical, geometric deformation of the material at the macro-scale, and (2) the micro-scale separation of the particles in the soft material as the chemical bonds between the particles begin to separate and the material begins to tear (Creton and Ciccotti, 2016).



3.4. Characterization of the Dependence of Conductivity on Water Content

The datasheets for the 3D printed materials indicate that they contain hydrophilic, organic compounds (Stratasys, 2014a,b,c,d). In addition, we noticed that the cleanliness of the surface of the materials, particularly the removal of the support material, had an impact on the measurement of conductivity. These observations indicated that the support material was contributing to the conductivity, possibly because of the ability of the material to absorb and hold onto water.

To further understand how the water content impacts the conductivity of the material, we tested the effects of desiccating the materials. We reduced the water content in the blocks using silica desiccants, and measured the changes in mass due to water content as well as the resulting change in conductivity (Figure 9). This procedure is further described in section 2.5.


[image: image]

FIGURE 9. Plots of changes in mass and resistance due to desiccation. (A) Percent change in mass. (B) Percent change in resistance. Number of samples n = 6.



The mass of the blocks decreased due to the desiccation, which we attribute to the loss of water content. The desiccation process resulted in an overall decrease of –1.00%. The average resistance of the samples from the desiccation process increased by 84.78%, indicating that the samples became less conductive than before the desiccation process and that the presence of moisture can impact the sensor readings.



3.5. Comparison Between Model and Experimental Data

We compared the analytical models of the uniaxial and multilayer sensors (section 2.7) with the measurements from our experimental tests. We characterized our sensors using an LCR meter. We required sensitive measurement equipment because the conductive photopolymer has a carbon black percentage of < 0.1% by mass (Stratasys, 2014b), resulting in resistances with large magnitudes (in the MΩ range). We filtered the sensor readings with a 32 point averaging window on the LCR meter. Figure 10 shows the normalized change in resistance vs. strain for the uniaxial strain sensor, Figure 11A shows the normalized change in resistance vs. strain along one of the two axes of strain for the multilayer sensor, and Figure 11B shows the normalized change in resistance vs. pressure for the multilayer sensor.
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FIGURE 10. Normalized change in resistance vs. strain for the uniaxial strain sensor. Comparison of analytical model to experimental characterization. The mean is 108 MΩ at rest. Number of samples n = 3.
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FIGURE 11. Comparison of analytical model to experimental characterization for the multilayer sensor. (A) Normalized change in resistance vs. strain. The mean is 147 MΩ at rest. Number of samples n = 3. (B) Normalized change in resistance vs. pressure. The mean is 560 MΩ at rest.



To better visualize the trends, we introduced a single constant scale factor of Sstrain = 14.25 for both strain sensors (Equation 6) and another of Spressure = 3, 850 for the pressure sensor (Equation 7), resulting in the theoretical plots in Figures 10, 11. For the scale factor for strain, we selected its value by simultaneously minimizing the residuals for both the uniaxial and multilayer sensors. The scale factors are included to demonstrate that despite the differences in magnitude, the trend of the measurements behaves similarly to predictions of the sensors with similar geometry of the traces despite differences in the materials for fabricating the sensors.

[image: image]

One potential reason for the difference in scale is that the resistivity may not be constant as we had previously assumed. During stretching, the geometry of the sensor changes, which can be described with Poisson's ratio. This change in geometry alters the resulting resistance of the trace. However, since our traces are polymers, strain will cause some carbon particles to get closer together while others will separate, depending on the initial distribution of the polymer network within the dielectric (Zhang et al., 2007). This would impact electron mobility, and thus the assumption of constant resistivity might not be valid and requires further investigation.



3.6. Multimodal Sensitivity

Analysis of the strain response of the multi-layer sensor helped identify that the patterning of the traces make a difference in the measurement, and demonstrated that the LCR meter could discern between the different directions of strain.

When stretching in the vertically-aligned direction, we observed that the vertically-aligned sensor increased in resistance whereas the horizontally-aligned and pressure sensors decreased in resistance (Figure 12). The trend that we observed is consistent with what we expected from Poisson's ratio. However, the magnitudes are not: the vertically-aligned traces experienced less relative change than the horizontally-aligned traces did. This effect could potentially be because the change in resistance is bigger when you compress the material together than when you stretch it apart, as compared to liquid materials such as eGaIn. Modeling this material as a conductor of changing volume is not accurate, but rather the material is more sensitive to compression than extension as shown from these results.
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FIGURE 12. Plot showing the strain response of the multimodal sensor in multiple directions as we stretch it along the vertically-aligned direction. In this situation, the sensor is more sensitive to the serpentine pattern that is horizontally-aligned as opposed to the one that is vertically-aligned, whereas the circular sensor experiences a minimal change in its response relative to the other directions.





3.7. 3D Printed Soft Gripper With Embedded Sensors

We demonstrated the use of this fabrication process to print a soft gripper with embedded sensors by integrating the sensing capabilities directly into a pneumatic gripper (Figure 13). In addition, we measured the static sensor readings as the gripper held onto various objects, which we selected from the YCB dataset (Calli et al., 2017) (Figure 13). We also measured the dynamic response of the sensors as we actuated the fingers simultaneously (Figure 14).


[image: image]

FIGURE 13. Pneumatic gripper with embedded strain sensors and the static sensor readings of the gripper corresponding to the configuration of the fingers while holding various objects. S1, S2, and S3 are the sensor readings from each of the three fingers. (A) Plastic strawberry. (B) Pencil. (C) Can of spam. (D) Toy peg. (E) Plastic banana. (F) 3D perspective of the scatter plot. (G) 2D perspective of the scatter plot.
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FIGURE 14. Dynamic sensor readings of the gripper as the fingers close, without an object. S1, S2, and S3 represent each of the sensor readings that the fingers in the gripper produced.



As a proof of concept demonstration, we measured the sensor readings for the various gripper configurations associated with grasping different objects. Each finger is pneumatically actuated, like previously presented pneunets (Mosadegh et al., 2014), and we denoted the corresponding sensors as S1, S2, and S3. We defined holding as the grasp position associated with the configuration of each finger as it conforms around the objects (Figure 13) and repeated each grasp 3 times. Previous work has shown that these configurations can be used to identify or classify these object-associated grasps (Homberg et al., 2015). The embedded sensors could be beneficial for detecting touch or helping with state estimation for the gripper, and clusters formed from multiple grasps could be amenable to classification.




4. CONCLUSIONS AND FUTURE WORK

This paper presents the concept of 3D printing resistive sensors using a commercially available printer and material. We characterized the dependence of the 3D printed material's conductivity on a variety of factors and introduce guidelines on how to improve the fabrication method for similar types of sensors. In addition, we studied the mechanical strain response and model the sensors that we fabricated using this process.

The current iteration of the 3D printed material is promising, but there are some limitations to consider when working with it. To begin with, the company did not intentionally design the material as a conductor, and thus the resistance has a large magnitude. Measurement of the sensor values requires high-sensitivity electronics and the high impedance and limited conductivity could limit sensitivity. The readings also experience drift and oscillations due to the macro- and micro-scale deformations of the material. In addition, this photopolymer material experiences limited strain compared to materials for “traditional” soft sensors like silicone elastomers, which could limit its use for soft robots.

Future work includes studying the other modes of sensors that this method may enable, such as printing capacitive and inductive sensors. Finding a method to reduce the drift of the readings over time would help improve the potential for deploying this material for real-world applications. In addition, knowledge of the mechanical and chemical properties of the materials can inform and optimize the design of 3D printed sensors for future applications. The ability to embed sensors into soft robots using accessible, commercial 3D printers would 1 day play a role in printing an entire robot along with all of its components.

This work is a step toward the direct printing of sensorized soft robots using commercially available systems. Simultaneously, embedded printing of sensors is a powerful process that could enable and enhance seamless integration of sensors into soft robots, but there does not yet exist a suitable, commercially available, easy-to-use platform that allows users to simultaneously print soft actuators and sensors. Because we expect the availability of conductive, commercial 3D printed materials to increase in the future, our focus for the future can shift to further exploring applications that this approach enables. As 3D printing technology improves and decreases in cost, multimaterial and conductive printing will grow increasingly ubiquitous and accessible, further enabling novel methods for integrating sensors into complex bodies.

Multimaterial digital manufacturing has the potential to enable robot designs with not only varying mechanical properties, but also varying electrical properties. This capability enables a whole new design space of sensors embedded in the bodies of soft robots. However, there are currently several practical challenges to applying this method, including interfacing and characterization of material properties. In this paper, we explored some of the above challenges and demonstrated how we can fabricate soft, fully 3D printable machines with embedded sensing.
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Pneumatic bellows actuators are exceptionally suitable for Additive Manufacturing (AM) as the required geometrical complexity can easily be obtained and their functionality is not affected by rough surfaces and small dimensional accuracy. This paper is an extended version of a previously published contribution to the RoboSoft2018 conference in Livorno, Italy. The original paper (Dämmer et al., 2018) contains a simulation-driven design approach as well as experimental investigations of the structural and fatigue behavior of pneumatic multi-material PolyJet™ bellows actuators. This extended version is enhanced with investigations on the relaxation behavior of PolyJet bellows actuators. The presented results are useful for researchers and engineers considering the application of PolyJet bellows actuators for pneumatic robots.
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INTRODUCTION

The design of future robotic systems will be shaped by the demand for a large product variety and short lead times but may at the same time benefit from the constant progress in manufacturing technologies. In this context, multiple opportunities arise from the combination of AM and pneumatic actuation.

A possible approach to increase flexibility in future production processes are human-robot collaboration scenarios, characterized by the immediate proximity of humans and robots. The elimination of safety cages is accompanied by the obligatory demand of physical integrity of human co-workers. By minimizing manipulator link inertia and adding compliant elements in the kinematic chain, hazards inherent to robotic systems can be reduced (Zinn et al., 2004; DIN ISO/TS 15066:2017-04, 2017; Dämmer et al., 2018). AM technologies allow manufacturing of very complex geometries (Clausen et al., 2016) as those obtained by topology optimization, resulting in very light-weight parts. In electro-mechanical drive systems, inherent compliance comes at the cost of a significant increase in mechanical complexity (Lens et al., 2010). This applies in particular to inherently adjustable compliant systems (Grebenstein et al., 2011; Dämmer et al., 2018). Due to the compressibility of air, pneumatic actuators are inherently compliant and can easily be arranged to antagonistic pairs with adjustable compliance (Vanderborght et al., 2013; Baiden and Ivlev, 2014; Veale and Xie, 2016). Recently, the strive for double-acting pneumatic actuators has lead to novel designs that might result in very compact future products (Ferraresi et al., 2014). Moreover, functional integration enabled by AM (Paz et al., 2016) and mechanical simplicity of pneumatic actuators (Hildebrandt, 2009) may result in a reduced number of parts, therefore minimizing efforts for assembly and logistics. Additionally, in tool-less manufacturing technologies, such as AM, quantities have a reduced effect on manufacturing cost and therefore enhance flexible processes and low batch sizes. However, for the investigation of the expected benefits, suitability of future robotic components for AM is mandatory.

From the perspective of additive manufacturability, bellows actuators are very promising for two reasons. First: Good surface quality and dimensional accuracy that can hardly be achieved by AM technologies (MacCurdy et al., 2016) are not required for the bellows working principle. Second: The complex folded structure exploits the geometrical freedom inherent to AM and actuators performance can easily be modified by shape and material variations. An excellent example of functional integration by additive manufacturing is the Bionic Handling Assistant (Grzesiak et al., 2011) in which additively manufactured bellows structures accommodate external loads and move the robot.

For AM of bellows structures, various technologies have been used, such as selective laser sintering (SLS) (Grzesiak et al., 2011), PolyJet™ printing (PJP) (MacCurdy et al., 2016; Drotman et al., 2017) and Digital Mask Projection Stereolithography (DMP-SL) (Peele et al., 2015). AM of molds for silicone molding of bending actuators was demonstrated in numerous publications (e.g., Mosadegh et al., 2014). Also, detailed reviews of bellows actuators in the context of articulated robotic systems (Gaiser et al., 2012), 3D printing (Zolfagharian et al., 2016) and soft robotics (Polygerinos et al., 2017) have been published.

In the EU founded research project “Digital Materials for 3D Printing” (DIMAP), novel functional materials for PolyJet™ printing were developed (http://www.dimap-project.eu). As an application showcase, PolyJet-printable highly integrated robot components—including bellows actuators—were designed. However, despite of several examples of AM bellows actuators in the context of robotics, there is a lack of knowledge on the achievable performance and simulation-driven design strategies. In addition to that, repeated loadings have recently been related to a significant decrease of the sustainable strains in PolyJet elastomers (Moore et al., 2015).

In the conference paper (Dämmer et al., 2018), pneumatic multi-material PolyJet bellows actuators are presented. Their structural behavior is investigated and compared to structural simulations. In order to improve the actuators performance, bellows design is interpreted as a shape optimization problem with strain minimization as the main objective. Finally, endurance runs are performed to investigate the effects of shape optimization and two different materials on the number of load cycles to failure. Because force responses to imposed displacements were observed to be significantly time dependent, this extended version is enhanced with relaxation tests of elastomeric bellows structures. The relevance of the presented results for the development of a multi-material light-weight gripper is presented demonstrated in another extended version paper (Dämmer et al., 2019). The presented results contribute to the general knowledge concerning the use of PolyJet elastomers for pneumatic actuators and robots.



DESIGN

The performance requirements (e.g., force, deflection) and available space for a bellows actuator may vary significantly depending on the intended application and specific design of surrounding components. The bellows actuators described in the following are not intended for the use in a real-life application, but for the understanding of fundamental principles that may be transferred to arbitrary applications. Therefore, PolyJet printable linear bellows actuators (Figure 1) were designed that comprise a soft, elastomeric bellows structure and hard, thermosetting flanges. Holes were placed in the flanges to be able to remove the waxlike material that supports overhangs during the printing process (Figure 1A).
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FIGURE 1. Linear bellows actuators (A) obtained by simultaneously printing hard and soft materials. The soft materials TangoBlackPlus™ (B) and Agilus30™ (C) were used. The total length of the actuators is 78 mm and the outer diameter of the bellows structure is 64.2 mm.



The bellows structure and flanges are manufactured in one multi-material piece and complemented with closing caps and pneumatic connectors. In this paper, the standard soft material TangoBlackPlus™ (TB+) (Figure 1B) and novel soft material Agilus30™ (A30) (Figure 1C) are compared. For the flanges, the standard hard material VeroWhitePlus™ (VW+) was used. Actuators containing TB+ (Figure 1B) were printed by cirp GmbH (Römerstraße 8, 71296 Heimsheim, Germany), actuators containing A30 (Figure 1C) by Stratasys® Ltd. (Haim Holtsman St. 1, 7612401 Rehovot, Israel).



FINITE ELEMENTS ANALYSIS


Preliminary Considerations

In general, linear actuators are used to transform different sources of energy (e.g., electric, pneumatic) into mechanical energy i.e., create force and translational motion. The usable force (referred to as “effective force”) Feff and linear deflection x of a pneumatic bellows actuator are dependent on the bellows geometry and material as well as the pneumatic and mechanical components of the complete actuation system. Assuming quasi-static conditions and frictionless guiding, Feff can be expressed as a function (1) of the pressure force Fp and the structural force Fs. Thereby Fs is caused by the bellows deformation.

[image: image]

Fp can easily be determined (Fp = (Δp)· Aeff) by multiplying the relative pressure Δp (Δp = pi − pa) and the effective area Aeff of the actuators flange. The structural force Fs however, is a function of x and Δp (and ẋ, t if visco-elasticity is considered) and can hardly be computed analytically. Therefore, the following sections describe a geometrical representation and a material model for elastomeric bellows structures for the implementation in finite elements analysis (FEA).



Geometry Representation

The elastic modulus of the flange material is in the range >1,000 MPa (Sheikhnejad et al., 2016), compared to 0,5 MPa for the elastic modulus of the bellows structure (Reiter and Major, 2011). Therefore, deformation of the flange is neglected in the following FEA i.e., the flange is solely represented by boundary conditions at the relevant nodes of the bellows structures mesh. For the bellows structure, an axisymmetric u-shaped design—comprised of parallel lines and semicircles—is chosen. The entire bellows structure with non-constant wall thickness can therefore be unambiguously defined by a planar sketch comprised of 7 design parameters (Figure 2, left). Parameter values (in mm) for an initial and optimized version are given in Figure 2 (right) and will be referred to in the subsequent paragraphs.
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FIGURE 2. Left: parameterization of a u-shaped bellows structure with non-constant wall thickness. Displacements are read out at the control points (cp) to evaluate the distances to adjacent half-waves. Right: parameter values in mm for an initial (V1) and optimized version (V2). Thereby da and l are kept constant for comparative analysis of V1 and V2.





Material Model

The structural force Fs, exerted by the deformed bellows structure, originates in the strive of the molecular chains to return to their initial configuration. On a macroscopic level, entropic elasticity in elastomers is typically described by a strain energy function U (Ogden, 1997). In the polynomial form (Equation 2) (Dassault Systemes Simulia Corp., 2014), U is expressed as a function of the first and second invariant (I1, I2) of the left Cauchy-Green deformation tensor and—in case of compressibility—of the elastic volume strain Jel as
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Thereby, the material constants Cij and Di are related to the deviatoric and volumetric material behavior, respectively. For the FE simulations described below, the general polynomial form (Equation 2) is reduced to the first order (N = 1) Mooney-Rivlin form for compressible materials (Dassault Systemes Simulia Corp., 2014) in the form of
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The material constants that are used in the following (C10 = 0.11 MPa, C01 = 4.52 MPa, D1 = 2.28 MPa) were determined by fitting the model (Equation 3) to uniaxial tensile and compression test data of TB+ using Abaqus' (Dassault Systèmes) fitting procedure.




EXPERIMENTAL VERIFICATION

In order to validate the FEA of the bellows geometry, an actuator test bench was set up that allows to measure the effective force Feff for given pressures Δp and deflections x. Figure 3 shows a bellows actuator mounted to the actuator test bench at three displacement states. The applied pressure difference Δp is controlled by a Festo VPPM pressure control valve (0–2 bar), Feff is measured using a Burster 8523-50 force sensor (+/- 0-50 N) and the displacement x is controlled by a Festo EGSA-50-100 linear axis.
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FIGURE 3. Measuring the effective force Feff of a linear bellows actuator. Three displacement states were tested i.e., extension (left), initial (middle) and compression (right) state. Excessive extensions lead to large strains and structural failure, compression is limited due to self-contact of adjacent half-waves.



In the procedure, displacements were varied between −20 and 30 mm and relative pressures Δp were varied from 0 to 140 mbar in 20 mbar steps. In Figure 4 the experimental (“Exp.”) and simulated (“FEA”) force-pressure-deflection characteristics are compared. The effective force was observed to increase for almost 30 s after the final displacements were reached. Therefore, measurements were taken after 30 s (relaxation is investigated closely in paragraph Investigating Relaxation in PolyJet Bellows Actuators). As expected, the effective force Feff exerted by the actuator increases with an increase in relative pressure Δp but decreases (in general) with an increase in deflection x. For negative deflections (x < 0), the effective force Feff remains almost constant.
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FIGURE 4. Comparison of the experimental (solid lines) and simulated (dotted line) results of the pressure and displacement dependent effective force Feff. Simulations are generally in good agreement with the experimental results. Note, that lines between measuring points are interpolated.



Noticeably, none of the lines covers the full range from −20 up to 30 mm deflection. Extension is limited at lower pressures due to a shift in the static force equilibrium (Equation 1). Compression is limited at higher pressures because the waves of the bellows geometry tend to touch adjacent waves (“self-contact”). Whereas, results from FEA are generally in good accordance with the experimental results, Figure 4 indicates, that deviations increase as a result of high pressures or elongations. This is most possibly due to the fitting range of the constitutive model. For improved accordance of simulation and experiment, material tests covering multi-axial states of stress and time-dependency are advised.



OPTIMIZATION OF BELLOWS GEOMETRY


Bellows Optimization Problem

In the following paragraph an exemplary problem is solved but the shown methods are easily modifiable to other problems. In the experiments described above, repeated loadings lead to cracks in the bellows structure which can be explained by fatigue. In repeatedly strained elastomers (Gent et al., 1964; Lake and Lindley, 1964) material imperfections—also typical for AM materials (Moore et al., 2015)—cause local strain peaks that lead to the formation and propagation of microscopic cracks and eventually result in fatigue failure. To find an improved bellows design (V2), that reaches similar effective force Feff and deflection x as the initial geometry (V1) but sustains an increased number of load cycles, a numerical optimization routine was developed. Thereby, maximum (logarithmic) principal strain εln, max was considered as a fatigue life indicator (Zhou, 2016) in the strain objective function

[image: image]

Designs x that lead to simulated strains εln, max larger than a reference strain εmax are penalized with large objective function values. To achieve a required deflection while avoiding self-contact, the penalty functions Qld(x) and Qsc(x) were stated analogous to Qε(x) and added up to a multi-criteria objective function
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with wε, wld, and wsc being associated weighting factors for the compensation of units. The required effective force Feff is implemented as a hard constraint which requires Δp to be variable. The bellows structures length and effective area of the flanges were kept constant to be able to compare the effect of the optimization. A bellows design is therefore fully described by the design vector
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In addition, an (even) integer parameter nhw is defined to quantify the number of half-waves that describe the bellows structure. Bounds and secondary constraints are defined (their exhaustive description is beyond the scope of this paper) in a constraint vector g(nhw, x) to exclude infeasible geometries. Therefore, and following (Mahl, 2015) the constraint mixed integer bellows optimization problem is
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Optimization Results and Verification

An optimization routine was realized to solve the above stated optimization problem based on the structural simulation and parameterization described above. Matlab (MathWorks) and Abaqus (Dassault Systèmes) were connected and software communication was realized by python scripts (Figure 5). The routine starts with the initial parameters xstart and nhw, start and terminates with the optimum parameters xopt and nhw, opt. The gradient based Matlab optimization function fmincon (default settings) was chosen for convenient implementation of bounds and secondary constraints. The optimization routine was run considering a maximum strain reference of εmax = 0.2 and a force requirement of 12 N at 30 mm linear deflection.
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FIGURE 5. Optimization routine for the optimization of linear bellows actuators. The routine finds optimum geometry parameters and relative pressure to generate a required effective force at required displacement while minimizing the maximum principal strain in the bellows structure.



Figure 6 illustrates the simulated max. principal strain distribution of the initial (V1) and the optimized bellows geometry (V2). The corresponding shape parameters are given in Figure 2 (right). The initial geometry (V1) is described by four half-waves with constant wall thickness. To reach an effective force of 12 N at 30 mm deflection, 140 mbar are required that induce a (simulated) maximum principal strain of 65%. The optimized geometry (V2) consists of six instead of four half-waves and a non-constant wall thickness. At a linear deflection of 30 mm and an applied pressure of 100 mbar, the effective force is above 12 N and the simulated max. principal strain 24%.
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FIGURE 6. Simulated max. principal strain distribution of the initial geometry V1 (left) and optimized geometry V2 (right).



In Figure 7 the pressure-force-deflection characteristics of the initial (V1) and optimized (V2) geometry are compared. For the optimized geometry (dotted lines), the effective force is significantly less dependent on the deflection, i.e., lower pressures are sufficient to generate comparatively high forces at large displacements. Considering Figure 6 in conjunction with Equation (1), it can be concluded, that the loss of effective force for increasing deflections is caused by the increasing strain in the material.
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FIGURE 7. Comparison of the experimental pressure-force-deflection characteristics of the initial (V1, solid lines) vs. the optimized (V2, dotted lines) geometry. The optimized geometry (V2) requires less pressure to produce the required forces at large deflections which is a result of max. principal strain minimization. Lines between measuring points are interpolated.



The optimized geometry (V2) satisfies the force-displacement requirements of 12 N at 30 mm. Moreover, the significant reduction of the simulated maximum principal strain (24% instead of 64%) in conjunction with fatigue data from literature (Moore et al., 2015) gives rise to assume an increased fatigue life of the new bellows geometry (V2) compared to the initial geometry (V1).




ENDURANCE RUN

Endurance runs were performed to validate the hypothesis predicting increased fatigue life of the optimized geometry and for comparison of TB+ with a novel material. Agilus30™ (A30) is a recently released PolyJet elastomer with similar hardness range (Shore A 30–35 compared to 26–28 for TB+) as well as an increased elongation at break and tear resistance (Stratasys, Ltd.). Due to superior properties in the data-sheet (Stratasys, Ltd.), an increased fatigue life, compared to TB+, was expected. It is pointed out that the same geometries and material parameters were used for both the TB+ and A30 bellows because no sufficient material data of A30 was available at this time. Therefore, A30 results should be interpreted with care and are presented for comparative purposes.

Figure 8 illustrates a bellows actuator mounted to the endurance test bench. During the test, the left side of the bellows actuator can move freely in horizontal direction and is guided by four PTFE-lubricated guiding bolts. In the endurance runs, a pressure of 140 mbar for V1 and 100 mbar for V2 was applied for 30 s. The resulting deflection was mechanically restrained to 30 mm.
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FIGURE 8. Endurance runs with bellows actuators. Initial state (left) and extension state (right). Extension is mechanically limited to 30 mm. The experiment was stopped in case a threshold volume flow was reached.



Pressure was then released for another 30 s before the procedure was repeated. Volume flow was measured during the 30 s period to detect possible damage of the bellows and the experiment was stopped in case a threshold value of 2 Nl/min was exceeded.

Figure 9 contains the load cycles to failure that were reached by the bellows actuators. Cycles to failure range from below 20 (TB+, V1) to more than 30,000 (A30, V2). In average, A30 bellows with the initial geometry (V1) endured 143 load cycles and with the optimized geometry (V2) 24,104 load cycles. Even without statistical significance, the results strongly indicate that the optimized geometry (V2) sustains significantly more load cycles until failure compared to the initial geometry (V1). Moreover, we can assume that bellows made from A30 endure significantly more load cycles to failure compared to ones manufactured from TB+.
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FIGURE 9. Load cycles to failure of different bellows actuators. Best results are obtained from the combination of Agilus30™ (A30) and geometry variant 2 (V2). Each data corresponds to a single endurance run.



Noticeably, different geometries lead to different but consistent modes and locations of failure. Thereby, two categories can be made for failures as shown in Figure 10. All specimens of the initial geometry (V1) failed at the inner wave due to cracks in axial direction (Figure 10, left). In the corresponding FEA max. principal strains are oriented in tangential direction at the inner diameter i.e., perpendicular to the cracks. Specimens of the optimized geometry (V2) consistently failed in tangential direction (i.e., perpendicular to axial strains) near to the flanges as illustrated in Figure 10 (right). Location and direction of failure are consistent with the simulated max. principal strain distribution obtained from FEA.
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FIGURE 10. Cracks in the bellows structure are oriented in axial direction at the inner diameter of the initial geometry “V1” (left) and tangential direction next to the flange of the optimized geometry “V2” (right) which is in accordance with the locations and perpendicular to the directions of max. principal strain in the corresponding FEA.



There are multiple possibilities to further increase the fatigue life of the bellows actuators described above. The specific geometric representation as described in Figure 2 presents a compromise between the dimensions (and size) of the solution space and cost (time for development of the routine itself and computation time). Further optimization could be realized by choosing a more complex parameterization. Note, that the rotationally symmetric design was chosen here in order to minimize the dimensions of the optimization problem. If this simplification is omitted, the effective flange area could be increased without an increase in the main dimensions of the actuator.



INVESTIGATING RELAXATION IN POLYJET BELLOWS ACTUATORS


Motivation for Investigating the Relaxation in PolyJet Bellows Actuators

The accuracy of a pneumatic robotic system depends in many cases on the accuracy with which its actuators are modeled. This is, because in state-of-the-art model-based controllers a physical model of the system is utilized to compute the desired pressures. In bellows actuators, the pressurization or forced motion of the actuator implies a deformation of the bellows structure i.e., different pressure or motion profiles result in different strains/strain rates in the bellows material. Depending on the specific application or task of a light-weight robot, cycle times may range from fractions of a second to several seconds or minutes. During the experiments described in the previous paragraphs we experienced that the PolyJet printed bellows react significantly time dependent to applied pressures and forced deformations. In paragraph Experimental Verification, this fact was accounted for by waiting until the force responses of the structures had stabilized (i.e., 30 s in Figures 4, 7) before measurements were taken. However, this procedure is impractical for an actual robotic application and implications for structural simulation have to be evaluated. Thereby, time dependent mechanical behavior is typical for elastomeric structures (Saccomandi and Ogden, 2004; Bergström, 2015) and originates mainly from the rearrangement of the molecular chains (entropic elasticity) induced by deformation. Several publications confirm our qualitative experiences concerning the time dependency of PolyJet materials in general (Blanco et al., 2014; Zhang and Albert, 2016) and—most important—the PolyJet elastomers TangoBlack™ (a predecessor of TB+) (Kundera and Bochnia, 2014), and A30 (Akbari et al., 2018). However, to our knowledge no closer investigations on the time dependent behavior of A30 bellows structures were published yet. Therefore, in the following paragraphs the relaxation behavior of A30 bellows structures is investigated. Results are intended to make an initial assessment of the significance of time dependency for (soft) robotic applications and will be used for the validation of visco-elastic material models in the future.



Redesign of Bellows Actuators for Relaxation Testing

In order to increase cost-efficiency, new test geometries (Figure 11) were designed that are considerably smaller (total length of 22 mm instead of 78 mm) than the ones described in Design. Regarding future research, a simple bellows geometry with two halve waves was chosen that can also be molded using a two-part core (e.g., for silicone molding).
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FIGURE 11. Exploded (left) and sectional (right) view of PolyJet printed bellows structure for relaxation testing. The bellows (yellow) and square shaped flanges (white) are printed into one multi-material part.



The soft bellows structure (yellow) is printed together with two rigid square shaped flanges (white). Circular end caps (white) are printed separately and mounted after the support material is removed from the bellows chamber. The bellows actuators were printed by cirp GmbH (Römerstraße 8, 71296 Heimsheim, Germany). All parts investigated in paragraph Investigating Relaxation in PolyJet Bellows Actuators were printed with matte finish and oriented with the main axis parallel to the printing platform.



Experimental Setup and Relaxation Testing Procedure

Two load cases were applied, in order to investigate the relaxation behavior of the bellows actuators (Figure 11).

Load case “Deflection”: starting from the initial length of the actuator (22 mm), the upper flange was pulled with a rate of 8 mm/s until a linear deflection of 4 mm was reached. The deflection was maintained for 90 s and the (retracting) force exerted by the deflected actuator was monitored. No pressure differential was applied in load case “Deflection”.

Load case “Pressurization”: starting from ambient pressure in the bellows actuator, a pressure step of +0.4 bar was applied by quickly opening a shut-off valve. Deflection was completely suppressed and the increased relative pressure was maintained for at least 90 s. The exerted force of the pressurized actuator was monitored. In order to apply the described loads and monitor the applied and resulting parameters, a test setup (Figure 12, left) was build up. Pneumatic hoses were attached to the actuators (Figure 12, right) to connect the pressure supply and sensor.
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FIGURE 12. Relaxation tests with A30 bellows actuators. Left: pneumatic actuator mounted to the test bench, air hoses for pressure supply/sensor and load cell. Right: bellows actuators tested for this publication.



The test bench (Bose Corp., ElectroForce Systems Group, MN, US) comprises a linear actuator for monotonic tests, a WMC-25 load cell (Interface Inc. AZ, US) and a controller unit and workstation. WinTest® DMA software (Bose Corp.) was utilized to perform and analyze the experiments. For presetting and applying the preselected pressure, a Festo LRP-1/4-4 precision pressure (Festo AG & Co. KG, GER) regulator and a manual Festo shut-off valve were used. Pressure was measured using a Keller 21 PY (Keller AG, CH) pressure transmitter.

A total of four equal specimen was tested. Thereby, each specimen was tested two consecutive times in one load case. The testing sequence was varied according to Table 1 in order to account for possible irreversible effects, such as plastic deformation or cracks.



Table 1. Sequence of relaxation tests.
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Results and Interpretation

Figure 13 displays the given deflection and force responses of the four actuators in the load case “Deflection”. As can be seen, the rapidly applied displacement (4 mm in 0,5 s) leads to pronounced peak forces for all actuators. During times of constant displacement, the amount of the actuator forces decreases and asymptotically approaches a plateau. The retraction of the test bench to the initial length causes an opposed force. Whereas, the force responses of the actuators 1,2 and 4 are similar, the force response of actuator 3 differs significantly in amplitude.
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FIGURE 13. Actuator force responses due to an applied deflection. The applied deflection profile is plotted (blue) for the first test run only, but is virtually the same for the other test runs.



In Figure 14 the force responses of the four actuators in the load case “pressurization” are displayed. The rapidly applied pressure step (+0.4 bar; plotted for the test with the first actuator only) leads to a nominal increase in actuator force. During the intervals of constant pressure, the force responses asymptotically approach a plateau. The force response of actuator 3 is significantly larger (in amount) than the other responses. The reason for this deviation is not known. However, in combination with the results from Figure 13 it can be concluded, that actuator 3 poses less resistance to applied loads (i.e., has a “softer” structure) which results in a lower measured force under deflection but a larger measured force amount under pressurization. Further investigations including larger numbers of specimen have to clarify this.
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FIGURE 14. Actuator force responses due to an applied pressure. For the sake of clarity, the applied pressure profile is plotted (blue) for the test run with the first actuator only.



Nevertheless, two interesting observations can be made from Figures 13, 14. First: all force responses are significantly time dependent, e.g., peak forces in Figure 13 reach over 20 N but decrease quickly below 10 N. Second: the deliberate pre-stretching during the loadcases applied in our tests seems to have little effect on the structures stiffnesses in subsequent tests. This can be concluded from the fact that consecutive tests lead to similar force responses (Figures 13, 14) and that no clear distinction can be made between pre-stretched and non-pre-stretched actuators in Figure 13. The observed time dependency is typical for elastomers and in line with our qualitative expectations. However, the described results may be used to build mathematical models of the actuators time dependent behavior and serve as a starting point for standardized cyclic and rate dependent tests for the calibration of visco-elastic material models.

For the FEA and optimization of the bellows actuators in paragraphs Finite Elements Analysis–Optimization of Bellows Geometry, the constitutive behavior was modeled as time independent which represents a major simplification considering the results presented in this paragraph. In this context it is also important to note, that all presented data regarding strain is simulative and we have no evidence of the actual level of strains in the structure. However, the results of the endurance runs in paragraph Endurance Run proof, that the shape optimization lead to an significantly increased fatigue life. Moreover, the comparison of simulative strain maxima (Figure 6) and experimental failure modes and locations (Figure 10) indicates a good significance of the FEA considering the qualitative strain distribution in the structure.




CONCLUSION

Additively manufactured bellows actuators pose an interesting option for the actuation of future robotic systems as their structural behavior is highly tunable by shape and material. This paper contains the design, shape optimization and experimental investigations of pneumatic PolyJet bellows actuators. First, multi-material bellows actuators were designed using VeroWhitePlus™ material for the rigid flanges and TangoBlackPlus™ (TB+)/Agilus30™ (A30) for the soft bellows structure. Then, the bellows structural behavior was analyzed by finite elements analysis. A numerical optimization strategy was developed and the effect of geometry optimization and material selection on the sustainable number of load cycles was investigated. Results strongly indicate that the proposed design strategy—based on a multi-criteria optimization routine—leads to significantly improved fatigue life. Moreover, A30 bellows withstood significantly higher numbers of repeated loadings than TB+ bellows. Modes and locations of failure largely correspond with finite elements analysis. In this extended version, the better performing material (A30) was investigated more closely. Therefore, relaxation test were carried out using redesigned test structures. The findings confirm the significance of time dependency of A30 material behavior. Results contribute to the understanding of the mechanical behavior of PolyJet elastomers under static, dynamic and repeated loadings, such as present in printed robots.
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Robots have an important role during inspection, clean-up, and sample collection in unstructured radiation environments inaccessible to humans. The advantages of soft robots, such as body morphing, high compliance, and energy absorption during impact, make them suitable for operating under extreme conditions. Despite their promise, the usefulness of soft robots under a radiation environment has yet to be assessed. In this work, we evaluate the effectiveness of soft robots fabricated from polydimethylsiloxane (PDMS), a common fabrication material, under radiation for the first time. We investigated gamma-induced mechanical damage in the PDMS materials' mechanical properties, including elongation, tensile strength, and stiffness. We selected three radiation environments from the nuclear industry to represent a wide range of radiation and then submerged a 3D printed hexapus robot into a radiation environment to estimate its operation time. Finally, to test the reliability of the 3D printed soft robots, we compared their performances with molded counterparts. To analyze performance results in detail, we also investigated dimensional errors and the effects of fabrication methods, nozzle size, and print direction on the stiffness of PDMS material. Results of this study show that with increasing exposure to gamma irradiation, the mechanical properties of PDMS decrease in functionality but are minimally impacted up to 20 kGy gamma radiation. Considering the fractional changes to the PDMS mechanical properties, it is safe to assume that soft robots could operate for 12 h in two of the three proposed radiation environments. We also verified that the 3D printed soft robots can perform better than or equal to their molded counterparts while being more reliable.

Keywords: 3D printing, additive manufacturing, soft robotics, radiation environments, soft actuators, nuclear robotics, silicone elastomer


INTRODUCTION

Robotics research has a significant role when utilizing robots for inspection, clean-up, and sample collection in hazardous environments inaccessible to humans. Especially when it comes to radiation environments, their deployment minimizes unnecessary exposure of workers to the harmful effects of radiation (Moore, 1985). Accordingly, robots have a long history in the nuclear field, from the incident at Three Mile Island, Reactor 2 (TMI-2) in 1979 to the 2011 disaster at Fukushima Daiichi Nuclear Power Plant (Urabe and Stapczynski, 2017). At TMI-2, robots performed surveillance, inspection, and decontamination tasks following the meltdown (Hess and Metzger, 1985; Lovering, 2009). Soon after the nuclear power plant accident in Fukushima, Japan, the existing Quince robot was modified to perform inspection and sampling tasks in two of the affected units (Nagatani et al., 2011a). This robot completed several objectives before becoming irretrievably lost (Nagatani et al., 2011b). Recently, equipment specifically designed to operate within Fukushima, including Toshiba's Scorpion and Sunfish models, have been introduced to perform additional surveillance (Fackler, 2017). However, most of the deployed robots faced a similar problem: getting stuck or tangled in debris. They also suffered from circuit malfunctions due to high doses of radiation, especially if hardened parts were not used in fabrication (Fackler, 2017). The contaminated and malfunctioning robots were abandoned inside the reactor, at a total loss of the equipment's capital cost (Mary-Ann, 2015; Sheldrick and Funakoshi, 2016; McCurry, 2017). These circumstances raised a central question: Can we use low-cost soft robots in radiation environments? Soft robots provide advantages over rigid robots in terms of body morphing (Laschi et al., 2016), absorbing the energy of an impact or collision (Lee et al., 2017), high compliance (Rus and Tolley, 2015), and cheaper fabrication costs (Hill et al., 2000). The most significant of these advantages is the robot's ability to conform to different obstacles and terrains in various radiation environments, especially during passage through non-traditional entryways when doors and access points are blocked. Moreover, millimetric (Hu et al., 2018; Ranzani et al., 2018) scale soft robots may also provide considerable advantages under radiation environments.

In order to evaluate the effectiveness of soft robots under radiation, the convenience of the fabrication material for the environment plays a crucial role. The earliest investigations of the effect of gamma radiation on polydimethylsiloxane (PDMS) were performed by Charlesby (Charlesby, 1955) and Miller (Miller, 1960) in the late 1950s. They determined that the degree of crosslinking induced by radiation is a function of dose and demonstrates a direct-response relationship. Charlesby calculated a 32-eV energy absorption requirement per crosslink and Miller calculated a crosslinking yield of 3.0% for irradiation by electrons. Notably, both studies were performed on the liquid form of PDMS rather than the cured form considered in soft robotic applications. Therefore, to fill this research gap, and to estimate fabricated soft robots' operation time under radiation, we investigated gamma-induced mechanical damage in PDMS and sent a 3D printed soft robot into an underwater radiation environment. The main reasons for selecting the 3D printing method over molding to fabricate soft robots will be detailed in the following paragraphs.

To send a soft robot in an unstructured radiation environment for inspection purposes or delivery tasks, it must offer significant dexterity and mechanical compliance, with minimum control requirements. However, disadvantages of soft robots such as limited afforded strength and payload (Lee et al., 2017), limited control and autonomy (Trivedi et al., 2008; Singh and Krishna, 2014), need for tethering (Majidi, 2014; Schmitt et al., 2018), and limited sensory equipment (Rus and Tolley, 2015; Lee et al., 2017) still need to be overcome. To meet some of these demands, the soft actuators within the soft robot must enhance their functionality, which is limited by fabrication techniques (Marchese et al., 2015). Since conventional soft robot manufacturing techniques such as lamination casting (also known as soft lithography) (Xia and Whitesides, 1998; Tolley et al., 2014), retractable pin casting (Marchese et al., 2014, 2015), lost wax casting (Sias, 2005; Marchese et al., 2015), and rotomolding (Zhao et al., 2015) restrict possible geometries, shapes, complexity, and scale of the manufactured soft robots, we choose to focus on additive manufacturing (AM) methods (Truby and Lewis, 2016; Walker et al., 2019). However, the most commonly used AM techniques, such as stereolithography (SLA) (Peele et al., 2015), fused filament fabrication (FFF) (Yap et al., 2016), and PolyJet (Drotman et al., 2017) are not suitable for 3D printing PDMS material for fabricating soft robots (Trimmer et al., 2015; Laschi et al., 2016; Kastor et al., 2017).

One of the first examples of a 3D printed soft actuator (Peele et al., 2015) failed at around 40% strain (after approximately nine cycles) due to photopolymer SLA materials while their molded counterparts fabricated with the PDMS materials were able to undergo more than 600% strain (Mosadegh et al., 2014). Alternatively, another 3D printed soft actuator manufactured through FFF methods was limited to the NinjaFlex (NinjaTek, PA) thermoplastic material with a Shore hardness of 85A (Yap et al., 2016). More recent 3D printed soft robots were manufactured with PolyJet technology which allowed researchers to (1) manufacture a quadrupedal robot with soft legs capable of two axis rotation (Drotman et al., 2017), (2) create a material stiffness gradient within the soft robot body (Bartlett et al., 2015), and (3) 3D co-print solids (flexible, rigid) and liquids to fabricate hydraulically actuated components (MacCurdy et al., 2016). However, the commercially available materials (Stratasys, MN) used in this process were limited by Shore hardness (ranging between 27A and 95A).

To overcome strain limitations and use PDMS materials within AM, researchers focused on direct ink writing (DIW) techniques. Ober et al. analyzed the behavior of complex fluids and developed a micro-scale active mixing system for two-part materials, and successfully 3D printed PDMS objects (Hardin et al., 2015; Ober et al., 2015), but they did not demonstrate the fabrication of soft actuators or robots. Instead of using two-part PDMS materials, Plott et al. used moisture-cured silicone elastomer to successfully 3D print finger pneumatic actuators (Plott and Shih, 2017). Unfortunately, their printing technique restricted the achievable geometry as it required near voidless construction.

Considering the limitations of current state-of-the-art PDMS printing, the soft robotics community has yet to match the performance of the molded functional soft robots made from PDMS materials with 3D printing technology. In prior work (Yirmibesoglu et al., 2018), we developed a 3D printer to address this research gap. Here by modifying the previous printer design, we improved the complexity and increased the scale of the fabricated soft robots, which enabled us to 3D print a hexapus robot (Figures 1A,B) for testing soft robots under a radiation environment.
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FIGURE 1. 3D printed soft robots. (A) Hexapus nominal state. (B) Hexapus actuated state. (C) 4 channel tentacle (Yirmibesoglu et al., 2018). (D) Pneu-net actuator (Yirmibesoglu et al., 2018).



In this work, in order to assess the usefulness of soft robotics under radiation, we selected 3 radiation environments to provide a wide scope of operation. To estimate fabricated soft robots' operation time in these radiation environments, we measured gamma-induced changes in mechanical properties such as elongation, tensile strength, and compression of the PDMS material. The viability of the soft robots under 3 selected radiation environments was analyzed based on PDMS behavior after irradiation. Later, a 3D printed soft hexapus robot (Frame et al., 2018) was operated in a radiation environment, and its absorbed dose rate was measured to estimate its operation time. By using 3D printing as the fabrication method, we increased design complexity of the hexapus robot, which enabled us to test its operation time under radiation environment. Finally, to ensure the reliability of the 3D printed soft robots we investigated the effects of fabrication methods, nozzle size, and print direction on the stiffness of the PDMS material.

This paper is organized as follows. In section 3D printing of silicone material, we introduced the improvements to the 3D silicone printer that enabled us to 3D print a hexapus robot. In section Materials and methods, we detailed the protocols to measure the effect of gamma irradiation on PDMS material and select radiation environments. Also, experimental methods and setups for radiation experiments and robot performance comparisons are detailed. In section Results and discussion, we analyzed the changes in the mechanical properties of PDMS samples after gamma irradiation and we measured the gamma irradiation absorbed by the 3D printed hexapus robot submerged into bulk shield tank while repeating pull and push motions. After that, we conducted blocked force and bend angle experiments to compare the performance differences between our 3D printed soft robots (4 channel tentacle Figure 1C and Pneu-net actuator Figure 1D) and their molded counterparts. We also measured the effects of fabrication methods, nozzle sizes, and print directions on the stiffness of the fabricated PDMS material. Finally, in section Conclusion, conclusions and future work are presented. Authors also provided a table of the acronyms (Supplementary Table 1) used throughout the paper to help readers.



3D PRINTING OF SILICONE MATERIAL

In this section, we describe improvements to the previous 3D silicone printer design that enabled us to 3D print a hexapus robot (Figure 1A) capable of swimming in an underwater radiation environment. For additional instrument design details, please refer to the original paper (Yirmibesoglu et al., 2018). The major changes in the 3D printer setup (Figure 2A) include new material, modified extruder, and new print parameters. A detailed explanation of the 3D printer including a preliminary benchmark study for AM of soft materials is provided in the Supplementary Material.
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FIGURE 2. (A) 3D silicone printer. (B) 15 cm tall cylinder, 3D printed in 5 h without collapsing. (C) Soft octopus sculpture (0.79 kg), 3D printed in 18 h.




Print Material

The print material we used was Dragon Skin 10 (DS10) very fast, a two-part platinum cure silicone (Smooth-On, PA), in combination with 1 wt % Thi-Vex (Smooth-On, PA), a viscosifying agent used to thicken the formulation to improve print fidelity based on our previous paper (Yirmibesoglu et al., 2018). However, due to high loads on the syringe pumps at 75 cm tube length (Supplementary Figure 1), we added 10 wt % silicone thinner (Smooth-On, PA) into the formula, based on the findings of a recent study (Walker et al., 2018). With the improved formula, the accumulated load decreased from 351 N down to 252 N. The high viscosity print material also prevented bubble formation at the macro level.



Extruder Mechanism

We improved the extruder mechanism from previous works (Ober et al., 2015; Morrow et al., 2017; Yirmibesoglu et al., 2018) in several ways to print taller soft objects (Figure 2B) and to achieve extended print times (Figure 2C). First, we decreased the mixer chamber volume. In the old design, the cross section diameter of the mixer chamber was 10.8 mm, resulting in 8.1 times the volume to be initially filled by the mixed material before extrusion, compared to the new mixer chamber design. With a bigger volume, the amount of the time that the material mix stayed inside the mixer was longer. Since the heat bed (Figure 2A) and convective heating (Figure 3A) created a hot environment around the mixer chamber, this resulted in an increase in the crosslinking rate of the mixed material. With higher crosslinking, the material became more viscous and was unable to pass through smaller nozzle sizes resulting in a clogged mixer. The smaller chamber volume decreased the amount of time required to discharge the mixed material from the mixer chamber before the crosslinking turns the material into a highly viscous state.
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FIGURE 3. (A) Extruder mechanism with water jacket addition. (B) Mixer assembly.



Second, by adding the water jacket system (Figure 3B), we circulated cold water around the mixer chamber using a commercially available pump (Water cooling kit, E3D-online, UK) to maintain the temperature of the mixed material below 25°C while the surrounding environment was between 45° and 80°C. The combination of the smaller volume mixer chamber and water jacket systems, kept the crosslinking rate of the mixed material low enough, so that discharge of the mixed material completed before the mixer got clogged resulting in extended print times. Our longest print took 18 h using a 0.839 mm nozzle and weighed 0.79 kg (Figure 2C). Achieving extended print times was the key to fabricate the hexapus robot for radiation tests, which was 3D printed in 11 h with DS10-fast composition. The step-by-step guide to manufacturing the initial version of this extruder mechanism is publicly available on the Soft Robotics Toolkit1.



Print Parameters and Limitations

After modifying the extruder to print taller silicone objects and extend print times, to achieve high resolution with prints we followed a recent strategy (Yuk and Zhao, 2018) that benefits from the deformation of viscoelastic inks. With the guidance of this study, by mainly tuning print parameters such as print speed, flow rate, and layer height we deposited lines between die-swelling, equi-dimensional, and thinning print modes (Yuk and Zhao, 2018). The transition between the modes was achieved by changing the print speed or flow rate. Our latest list of parameters for a successful print is available in Supplementary Table 3. Moreover, there are a couple of design limitations observed in robot fabrication. A list of design limitations with the recommended parameters is available in Supplementary Table 4. By considering the printer modifications, improved print parameters and design limitations detailed in this section, we achieved the AM of the hexapus robot.




MATERIALS AND METHODS

In this section, we first detail the protocols to measure the effect of gamma irradiation on the mechanical properties of the PDMS material. We then describe the selection of radiation environments for soft robot operation and how to measure the irradiation dose of the hexapus robot. Second, we describe the comparison methods for measuring performance and ensuring the reliability of the 3D printed soft robots compared to their molded counterparts. Finally, we describe experimental methods to identify the causes of performance differences between 3D printed and molded soft robots.


Mechanical Testing of Gamma-Induced PDMS Samples

In order to evaluate soft robot reliability in gamma radiation environments, samples of PDMS were irradiated in a GammaCell 220 to a high dose rate from a Co-60 source (a radioactive isotope of the element cobalt). We prepared 27 dumbbell test pieces and 20 disc-shaped compression samples were prepared from DS10-fast silicone. The sample dimensions were 29.0 mm in diameter and 12.5 mm in thickness. To create samples of both kinds, equal parts by weight of DS10-fast part A and B were mixed and poured into molds and placed under −100 kPa vacuum for 5 min. Then these samples were placed in a 60°C oven for 15 min and were allowed to rest to reach the final mechanical properties. Finally, samples were irradiated at six increments of gamma-only doses from 7 to 400 kGy, with at least three samples tested at each cumulative dose. A total of 6 samples were reserved as a control group.

After gamma irradiations were completed, samples were subjected to mechanical tests in a motorized tension/compression stand (ESM1500, Mark-10, NY) (Figures 4A,B). For the tensile tests, the length of the narrow portion of the sample (L1), was increased by separating the sample ends at a rate of 250 mm/min. The samples were stretched until failure while measuring L1 and the tensile force to determine the “tensile strength at break” and “elongation at break” according to ASTM D412-16. For compression testing, the height of the sample was decreased at a rate of 50 mm/min to 75% of the original value, then released.
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FIGURE 4. Testing irradiated dumbbell and disc samples with Mark-10 motorized test stand (Oshiro, 2018). (A) Tensile strength and elongation testing setups. (B) Compression testing setup.





Selecting Radiation Environments for Soft Robot Operation

To provide context for this assessment, three radiation environments were considered to represent the general diversity of potential applications. Environments in the nuclear power industry are used because they are well-characterized and encompass real-life scenarios of various dose rates. The three radiation environments are selected from a guide (Sharp and Garlick, 1994): (1) Spent fuel storage pools, (2) Vitrified waste and the vitrification process, and (3) Deactivation of a generic pressurized water reactor (PWR). Available dose rate ranges and averages from these documented environments were used to calculate a cumulative dose assuming as 12 h robot task time. In all cases, the most conservative (highest documented dose rate) was assumed, which resulted in a 12 h cumulative dose of 120 kGy for spent fuel storage pools, 21.6 kGy for vitrified waste and the vitrification process, and 12 kGy for deactivation of a generic PWR. The cumulative dose, rather than the dose rate, is applicable here because past research on PDMS (Comstock, 1989) suggests that radiation is a function of cumulative dose and is not heavily dependent on dose rate.



Measuring the Irradiation Dose of the Hexapus Robot in the Bulk Shield Tank

To estimate the 3D printed soft robots' operation time we submerged the hexapus robot into a radioactive bulk shield tank. The hexapus robot was 46 mm tall and 286 mm in diameter. Six actuation arms consisted of Pneu-net structures were place 60° apart from each other. Tap water was pumped and withdrawn in consecutive cycles into the hexapus by using a 60 ml syringe attached to a syringe pump (NE-4000, New Era, NY) at the max pump speed of 95.99 ml/min. We switched from pneumatic to hydraulic to avoid the hexapus robot floating on the surface. The hexapus and the pump were connected by 6 meters of soft tubing with an inner diameter of 3.2 mm (Supplementary Figure 3). Later, the hexapus was submerged into a radioactive bulk shield tank (2.7 × 2.4 × 3.7 m–width x height × depth), (Supplementary Video 1). The tank was under the effect of two main gamma irradiation sources: (1) a used graphite reflector, and (2) radiation flux coming from the neighboring operating nuclear reactor. An underwater ion chamber (CPMU, Technical Associates, CA) was used to measure the dose rate next to the hexapus (Supplementary Figure 4). In addition, we were unable to measure the performance change of the hexapus' pull and push motions with absorbed dose rate (Supplementary Video 1) as our underwater camera equipment was not suitable for radiation environments.



Measuring the Performance of the 3D Printed and Molded Soft Robots

Reliable operation of a soft robot is a vital step before evaluating the effectiveness of soft robots under radiation. To ensure the reliability of the 3D printed soft robots and verify their performances we compared them with the molded counterparts. However, we did not fabricate a molded version of the hexapus robot because of the laborious and time intensive (up to 3 days) manufacturing steps which are beyond the scope of the current work. Instead, we fabricated 4 channel tentacles and Pneu-net actuators that are part of the hexapus actuation design.

The blocked force and bend angle experiments were used to measure the performance of each robot in response to given pressure (Holland et al., 2014). Fabricated 4 channel tentacles (Marchese and Rus, 2016) were used for identifying the effects of 3D printing compared to lost wax casting on robots' performance. Next, fabricated Pneu-net actuators (Ilievski et al., 2011; Mosadegh et al., 2014) were used for identifying the effects of 3D printing compared to lamination casting on robots' performance. We selected our robot designs based on the most common (excluding the use of fabric) bending principles: eccentric void asymmetry (4 channel tentacle) and corrugated membrane asymmetry (Pneu-net actuator, hexapus) (Gorissen et al., 2017). Differences between fabrication steps of the tested robots are provided in Supplementary Table 5, and the experimental setup used for the performance comparison tests can be seen in Supplementary Figure 5.

In order to understand any performance differences in the blocked force and bend experiments, we initially calculated dimensional errors. Features measured and compared against CAD models were shown in Figure 5 for both the 4-channel tentacle [Top] and Pneu-net actuator [Bottom]. The cross-sectional features (those in the X-Y plane) and the vertical features (those in the Z-axis) were measured. We consolidated features together by averaging their mean values. Each variable was measured at four random locations on the soft robots with a digital caliper and percent error deviations calculated.
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FIGURE 5. Measured feature descriptions: 4 channel tentacle (top), Pneu-net actuator (bottom) (Yirmibesoglu et al., 2018).





Measuring the Effects of Fabrication Methods, Nozzle Size, and Print Direction

To further investigate performance differences, we analyzed the stiffness change of the PDMS material caused by used fabrication methods. Sixty six dumbbell test samples were prepared and divided into 11 subgroups in order to measure the effects of fabrication methods, nozzle size and print direction on the Young's modulus of the used PDMS material. Twenty four of the samples were molded and 42 of them were 3D printed by following the ASTM D412 type C dimensions. Molded test samples were divided into 4 subgroups depending on their cure time: DS10-slow, DS10-medium, DS10-fast, and DS10-very-fast. 3D printed samples were fabricated only with DS10-very-fast and were divided into 7 subgroups depending on their print directions and nozzle sizes: perimeters, longitudinal, transverse, cross, crisscross with 0.417, 0.839, and 1.019 mm (Figure 6). Per each subgroup 6 samples were fabricated and defective ones were eliminated; at maximum 3 samples were eliminated from each subgroup. For all the test samples, the main composition (DS10-very-fast with 1 wt % Thi-Vex additive) was mixed with 10 wt % thinner (Walker et al., 2018) and none of the samples were degassed. Print parameters for the dumbbell test samples can be seen in Supplementary Table 3.
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FIGURE 6. The print direction of the dumbbell test pieces fabricated from PDMS.



After waiting overnight to ensure samples reached their final mechanical properties, prepared samples were attached to a Mark-10 motorized test stand including 1000N load cell (MR01-200-1, Mark-10, NY) for measurements (Figure 4A). Dumbbell pieces were pulled up with a speed of 60 mm/min until failure. Due to sensor resolution, a systematic error of ±0.5N was introduced into all test results. The Young's modulus was calculated by fitting a 100% tensile modulus line into the experimental data (Supplementary Figure 6).




RESULTS AND DISCUSSION

In this section, first, we present the changes in the mechanical properties of PDMS samples after gamma irradiation and analyze the potential of the soft robots under radiation environments. Then, we verify the viability of soft robots under 3 selected radiation environments based on potential tasks in the nuclear industry. Later, we present the absorbed gamma irradiation by the 3D printed hexapus robot and its estimate operation time. We fabricated the hexapus robot by taking advantage of AM to avoid many fabrication challenges inherent to the molding techniques due to the complex design of the robot. To verify the 3D printed robot's reliability, we present their performance differences with molded counterparts. Finally, to explain performance differences, we show the effects of fabrication methods, nozzle sizes, and print directions on the stiffness of the fabricated PDMS material.


Changes in the Mechanical Properties of PDMS After Gamma Irradiation

The measured changes in elongation at break, tensile strength, and compression were plotted as a function of cumulative dose in Figure 7. Results indicate that increased cumulative gamma dose leads to decreased elongation at break (Figure 7A). However, the relationship is not strictly linear. From 7 to 21.6 kGy, elongation at break decreases slowly, remaining nearly constant. Above 21.6 kGy, there is a steep decrease in elongation at break up to the highest measured dose, 400 kGy. This agrees with past literature, which shows either a small initial increase (Warrick, 1955) or slight decrease (Van de Voorde and Restat, 1972; McCarthy and Mark, 1998) followed by an eventual decrease in elongation at break at higher doses. For the tensile strength property of the material, results showed a slight initial increase from 0 to 21.6 kGy followed by an overall decrease in tensile strength (Figure 7B). This includes a steep drop in tensile strength at 55 kGy followed by a recovery back to the general decrease trend from 120 to 400 kGy. The overall trend, not including the 55 kGy drop, agrees with results from a CERN technical report. Past results do not agree on the overall effects of gamma radiation on tensile strength; Warrick (Warrick, 1955) showed an initial increase followed by a sharp decrease while McCarthy and Mark (1998) showed a constant tensile strength over the range of 200–400 kGy. This may be explained by the difference in the experimental aims of the past two studies and this current one. Where Warrick and McCarthy sought an optimum dose to vulcanize the rubber, this study focuses on already cured, solid silicone rubbers. This suggests that gamma irradiation improves the tensile strength of the uncured or incompletely cured material until it achieves a maximum, after which the molecular-level effects become detrimental rather than curative. Thus, the silicone rubber studied here improves to its maximum at roughly 12 kGy then degrades as dose increases above 20 kGy. We anticipate that these results would apply for common cured PDMS materials. However, further testing is required to verify. The results from the CERN technical report fit this profile and support this conclusion (Voorde and Restat, 1972). Since the overall effects of gamma radiation on PDMS in this experiment are decreased elongation at break and decreased tensile strength, it indicates molecular crosslinking is likely the dominant effect within the PDMS matrix as doses are increased. While this experiment did not include investigation on a molecular level and therefore cannot confirm this overall trend with certainty, it does agree with past research by Hill which suggests that irradiation of PDMS results in a higher crosslinking yield than scission yield (Hill et al., 2000). However, an explanation of molecular effects is not necessary to extend the mechanical results and their influence on potential usage areas.
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FIGURE 7. Changes in the mechanical properties of PDMS after gamma irradiation (Oshiro, 2018). (A) PDMS elongation decreases with increasing gamma dose. (B) PDMS tensile strength for increasing gamma dose. (C) Force at 25% compressive strain with increasing gamma dose.



The compression tests of the cylindrical samples determined stiffness by measuring the force required to compress the disc to 75% of its original height, shown in Figure 7C. These results point to an increase in stiffness as cumulative dose increases. This increase in stiffness is likely due to a direct response relationship between radiation exposure and cross-linking. This agrees with Basfar's research that shows beta radiation at similar doses results in increased crosslinking and increased resistance to compression (Basfar, 1997). While Basfar's experiment sought to determine the dose required to completely cure a liquid silicone rubber to solid state using radiation, it still indicates that the dominant effect of cumulative radiation is increased crosslinking, which is consistent with the current evaluation of PDMS. Regarding any thickness dependent variations in property degradation of both dumbbell and compression samples, based on the 1.25 MeV photon energy of the Co-60 irradiator, it is safe to assume the dose is uniformly distributed. 10 cm of PDMS reduces the absorbed dose by ~25%. 3.8 cm is required to alter the absorbed dose rate by 10%, which indicates our hexapus design is also safe. Higher energy photons would require larger thicknesses, up to 18 cm for 10 MeV photons.

The effect of temperature on PDMS has been previously evaluated in the literature (Camino et al., 2001, 2002) and is known to have an influence and was not considered in this study as all irradiations were performed at room temperature. Based on the differences in damage mechanisms between thermal and radiation exposure, it is not anticipated that these effects would interact; however, this has not been evaluated.

Overall, with increasing exposure to high dose gamma radiation, the mechanical properties of PDMS decrease in functionality, as expected. The results of the elongation at break tests suggest that material performance is not greatly impacted up to 20 kGy, at which point it begins to lose its ability to extend more drastically. Similarly, the results of the tensile strength tests suggest that performance is minimally impacted up to roughly 20 kGy followed by a gradual decrease at higher doses. The stiffness of the material increases steadily as the cumulative dose increases. These results are consistent with the theory (Hill et al., 2000) that both scission and crosslinking occur initially while crosslinking becomes the dominant effect of gamma radiation on PDMS beyond 20–50 kGy. The major concerns for soft robots and their manipulators at these higher doses is that more pressure will likely to be needed to maintain the range of motion.



Viability of Soft Robots Under Selected Radiation Environments

In order to translate the functionality of soft robotics for potential tasks in the nuclear industry, the cumulative dose at each radiation environment was evaluated for its resultant change to the material properties of PDMS. This study provides a preliminary evaluation of the properties of PDMS under certain irradiation conditions. A fully functional test of the robot under inflation or with a load was not possible in the available irradiation facilities. Additionally, any electronics required for actuation of the robot would not survive these doses (up to 400 kGy) and were therefore not used. The main reason for testing a very high dose rate (400 kGy) is to represent very long time effect on property degradation.

A complex soft robot geometry with external loads could have a state of strain that is a combination of uniaxial, biaxial, shear, and volumetric strains, and full failure characterization requires a suite of tests. However, due to the limitations of this study, mentioned above, detailed failure characterization including equibiaxial strain tests at the inflation state could not be performed. Instead, elongation at break and stiffness were used as measures of mechanical changes due to their predictable effects and direct relation to the functionality of the material. As a function of dose, the fractional change to each property was measured by taking the difference between the irradiated and control sample values and dividing by the control sample value. As shown in Figure 8, compression changed by more than 50% in the used fuel pool, and elongation at break in the used fuel pool changed by more than 25%. A similar polymer radiation study considered 50% change as a benchmark to assess the viability of a material (Bonin et al., 2004). By this rubric, soft robotic systems made out of PDMS materials are viable in most radiation environments, which is promising. Changes to the mechanical properties will result in some corresponding loss of function but understanding these mechanical changes as a function of exposure may allow for control systems to compensate for reliable and consistent performance of the soft robots.
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FIGURE 8. Fractional changes to PDMS mechanical properties compared to representative gamma environments (Oshiro, 2018).





Operation Time Estimation and Absorbed Gamma Dose Rate of 3D Printed Hexapus Robot Under Radiation

After submerging the 3D printed hexapus robot to estimate the operation time, the underwater ion chamber was also submerged directly next to it and measured the gamma dose rate as 1 Gy/h. This measured dose rate does not account for the neutron flux coming from the neighboring reactor, which cannot be directly measured under water. A conservative estimate assumes the 1 Gy/h dose rate in which the robot was exposed for 30 min while cycling through its push and pull motions, receiving a total dose of 0.5 Gy. A benchmark of 50% change in material properties is used in polymer radiation experiments to assess the viability of the material (Bonin et al., 2004). While the stiffness changes around 50% at 70 kGy, elongation does not reach the 50% change metric until 120 kGy and the tensile strength is even less susceptible to change. Therefore, it is speculated that the hexapus robot could operate around 70,000 h in the radiation environment shown in Figure 9 before its stiffness changed more than 50%, assuming with a dose rate of 1 Gy/h. Also considering the fractional changes to the PDMS mechanical properties in Figure 8, the robot could operate for the 12-h task time in two of the three proposed radiation environments. The highest dose rate environment, the used fuel storage pond, would have a reduced task time on the order of 7 h in which the stiffness changes by ~50%. These estimates assume the rest of the robot's control system and pumps continue to perform.
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FIGURE 9. Actuation of the hexapus robot while absorbing gamma irradiation inside bulk shield tank for 30 min. (A) Hexapus nominal state. (B) Hexapus actuated state.





Robot Performance Comparison: 3D Printed vs. Molded

The results of the blocked force and bend angle tests are shown in Figure 10. Plotted values reflect the average of the experimental data while the shadowed regions represent one standard deviation. For the 4 channel actuator, we collected data from each channel (n = 4), and for Pneu-net actuator, we collected data from 3 trials (n = 3). The results of the blocked force tests for the 4 channel tentacles (Figure 10A) showed that the force applied by the molded version varies more with increased pressure. Moreover, when the tentacle attachment height above the sensor surface increased, for a fixed inflation volume, the measured maximum blocked force increased from 1 to 2 N (Supplementary Figure 7). At a 15 mm height, the 3D printed 4 channel tentacle was able to apply more force than its molded counterpart. When we investigated accumulated pressure levels inside the channels, an injection of 120 ml of air resulted in a pressure of 88 kPa for 3D printed tentacle, but only a 67.5 kPa pressure for the molded tentacle. The results of the blocked force tests for Pneu-net actuators (Figure 10B) showed that both the 3D printed and molded actuators applied the same amount of force (with a 0.03 N difference in between). However, the blocked force values of the molded version again varied more with increased pressure. Also, when we analyzed the data regarding the pressure levels, the molded actuator applied the same amount of force but with 10 kPa less accumulated pressure. The molded actuator did incur a failure at the seam position and was repaired to continue with the experiments.
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FIGURE 10. Performance comparison results (Yirmibesoglu et al., 2018). (A) Blocked force comparison (4 channel tentacles). (B) Blocked force comparison (Pneu-net actuators). (C) Bend angle comparison (4 channel tentacles). (D) Bend angle comparison (Pneu-net actuators).



The results of the bend angle tests for 4 channel tentacles (Figure 10C) showed that both tentacles bend to around the same angle. However, it can be seen that the internal channel pressure of the molded actuator jump by 20 kPa when 80 ml of air is injected. The results of the bend angle tests for Pneu-net actuators (Figure 10D) showed that after 60 ml of airflow, the angle difference between actuators increased to 23.7°, with molded actuator achieving a higher bend angle. However, this time the bend angle results of both actuators varied less in between experiments.

To explain and discuss the performance differences between the 3D printed and molded soft robots, first, we conducted dimensional error analyses. Results are shown in Figure 11 with the consolidated feature groups for both the 4 channel tentacles and the Pneu-net actuators in terms of percent error deviations. The 3D printed, 4 channel tentacle and the Pneu-net actuator deviated on average less from the original dimensions provided from the CAD file compared to their molded counterparts. The 3D printed tentacle has a smaller standard deviation than the molded one for cross-sectional features, while the standard deviations for vertical features for both robots are about the same. The difference in applied force across the two fabrication methods could potentially be caused by a change in stiffness resulting from each fabrication method. Therefore, we analyzed the effects of the fabrication method on the stiffness of the PDMS material, reported in the next section. The observed difference in the accumulated pressure levels inside the channels is likely the result of the inward warping of the wax cores used to create the long channels in the molded tentacle (Supplementary Figure 8). Also, since we do not have a force plate blocking the motion in the bend angle tests, compared to the blocked force tests, we believe that an uneven geometry of the channel cross-sections may have caused the 20 kPa jump (Supplementary Figure 8).
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FIGURE 11. Dimensional quality comparison (Yirmibesoglu et al., 2018).



Regarding the Pneu-net actuators, both the 3D printed and molded actuator's cross-sectional errors were comparable. However, for both the z-axis error and the air transfer channel errors, the molded Pneu-net performed poorly because these dimensions were significantly affected by the manual process of adhering the top and bottom layers of the actuator (lamination casting). This manual process caused uneven geometry at the lamination layer. The bottom section of the molded Pneu-net actuator was thinner compared to the 3D printed actuator. As a result, we observed a 23.7° bend angle difference between the two actuators.

Overall, performance results of the 3D printed 4 channel tentacle and Pneu-net actuator varied less compared to their molded counterparts. The dimensional error results in the cross-sectional areas, which directly affect the performance, were similar for both the molded and 3D printed robots. Moreover, the wall thicknesses of the molded actuators were thicker than the 3D printed ones because the elastomer expands with the mold during the curing process. The dimensional comparison results suggested that the 3D printed soft robots should expand more, as they had thinner walls compared to the molded counterparts, but the experiments showed the opposite. Due to these observations, the following section describes a stiffness analysis that was performed to resolve this discrepancy.



Effects of Fabrication Methods, Nozzle Size, and Print Direction on the Stiffness of PDMS Material

In this section, we first focused on the effects of fabrication methods (molding vs. 3D printing) on the stiffness of PDMS material which is directly related to the performance differences observed in the previous section. We then investigated the effects of nozzle size and print direction (Figure 6) on the stiffness of PDMS material to understand if the stiffness property of the PDMS can be changed by these specific parameters.

In Table 1 we compared the effects of fabrication methods with different available cure times2 on the Young's modulus of the same material (DS10). For the molding method, we compared the effects of slow, medium, fast and very fast cure times on the stiffness of DS10. For 3D printing method, we only used very fast cure time and compared the stiffness result with its molded counterpart. The results for the molding method with different cure times (Table 1) show that DS10-slow has the highest Young's modulus. However, the wait time for the material to settle to its final mechanical properties is 7 h. In contrast to the molding method, the use of 3D printing method to fabricate the same object with DS10-very-fast provides equivalent or better stiffness results with faster fabrication times.



Table 1. Effects of fabrication method on Young's modulus with different available cure times.
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Even though we used the same materials for the different fabrication techniques of the 4 channel tentacles and Pneu-net actuators, there was only one difference that we neglected in our previous work (Yirmibesoglu et al., 2018). Since DS10-very-fast material's pot-life was 4 min, it was not possible to mold the actuator designs. Despite our molding experience, the material would begin to cure before fully filling the mold and settling. Due to this fact, and the indication from the manufacturer that DS10 product lines have the same mechanical properties, we used DS10-slow for fabricating the molded counterparts. With the results on cure time from Table 1, we verified that the use of DS10-slow or very-fast materials with the molding method does not necessarily change the overall actuator stiffness. The Young's modulus measurements for DS10-slow and DS10-very-fast are within a standard deviation of each other. However, the use of DS10-very-fast with the 3D printing method might have increased the stiffness of the fabricated soft robots due to a small region of overlap (135.5–140.2 kPa) between the Young's modulus measurements. The maximum Young's modulus of the molded DS10-slow material was 140.2 kPa whereas the maximum Young's modulus for the 3D printed DS10-very-fast material was 158.5 kPa. The 3D printed actuators had a higher stiffness, resulting in the observed performance differences reported in the previous section. The molded 4 channel tentacle could not apply the same force as the 3D printed counterpart because it was less stiff, and in the case of Pneu-net actuator, since the molded actuator is less stiff than the 3D printed one, it achieved higher bend angle.

The results illustrated in Table 2 clearly indicate that when the nozzle size decreases the printed material becomes stiffer. The increase in stiffness could be due to preferential polymer chain alignments caused by the decrease in nozzle diameter, but these effects were not studied as they were not within the scope of the work. The amount of micro air bubbles introduced into the material and the total weight of each printed test samples may play a role in the final results as well. We recorded the weights of each dumbbell test samples to make sure that there was not an outlier in each category shown in Supplementary Table 6. At the moment, we cannot compare the significance of these 3 variables: polymer chain alignment, air bubbles, and the total weight of the samples on the final results seen in Table 2.



Table 2. Effects of nozzle size on Young's modulus.
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Young's modulus results for different print directions with a fixed nozzle size are shown in Table 3. The standard deviation ranges for each category overlap the measured values; thus, we cannot distinguish the effects of different print directions on the stiffness of the test pieces. Unlike the thermoplastic polyurethane (TPU) material which causes 3D printed actuators to have anisotropic properties (Fernandez-Vicente et al., 2016; Yap et al., 2016), thermoset PDMS material seems to maintain its isotropy in the 3D printing process. Therefore, contrary to TPU material, print direction does not significantly affect the stiffness of the final PDMS product at to 0.839 mm nozzle size. It can be assumed that down to 0.839 mm nozzle size, use of different print directions will not affect the stiffness of the final PDMS product. However, when the nozzle size further decreases the preferential alignment of the polymer chains of the PDMS material may cause print directions to change stiffness. This result also provides an opportunity to choose an appropriate print direction to increase the surface finish quality of the fabricated parts without compromising the stiffness (Supplementary Figure 9).



Table 3. Effects of print direction on Young's modulus.
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In summary, sections Robot performance comparison: 3D printed vs. molded and Effects of fabrication methods, nozzle size, and print direction on the stiffness of PDMS material support that the 3D printing method with the use of small nozzle sizes increased the stiffness of the fabricated soft robots and maintained more accurate dimensions as defined in the CAD models. These results lead 3D printed soft robots to perform better than or equal to their molded counterparts while being more reliable and robust. Verifying the reliable operation of the 3D printed soft robots will allow more soft robotic applications to emerge under radiation environments.




CONCLUSION

In order to assess the usefulness of soft robots in radiation environments, changes in the mechanical properties such as elongation, tensile strength, and compression of the PDMS material were measured after gamma irradiation. We analyzed the viability of soft robots under 3 radiation environments selected from the nuclear power industry. Finally, we submerged and operated a 3D printed soft robot in a radiation environment and measured the absorbed dose rate to estimate its operation time. To ensure the reliability of the 3D printed soft robots and verify their performances, we compared them with their molded counterparts; the blocked force and the bend angle experiments were tested on four channel tentacle and Pneu-net actuators. To analyze performance results in detail, we also investigated dimensional errors and the effects of fabrication methods, nozzle size, and print direction on the stiffness of PDMS material.

The preliminary evaluation of the properties of PDMS under certain irradiation conditions concludes that with increasing exposure to gamma irradiation, the mechanical properties of PDMS decreased in functionality. However, up to 20 kGy gamma radiation, the elongation and tensile strength of the material are minimally impacted. Considering the fractional changes to the PDMS mechanical properties, it is safe to assume that soft robots could operate for the 12-h task time in two of the three proposed radiation environments. Also, the 3D printing method increased the stiffness of the fabricated soft robots and maintained more accurate dimensions as defined in the CAD models. Therefore, 3D printed soft robots performed better than or equal to their molded counterparts while being more reliable and robust.

The main limitation of this study was due to the difficulties of experimenting under gamma irradiation. We were unable to quantify the performance change of the hexapus robot due to lack of camera equipment that can work in underwater radiation environments. Additionally, any electronics required for actuation of the robot would not survive doses up to 400 kGy; thus detailed failure characterization including equibiaxial strain tests at the inflation state could not be performed. Instead, elongation at break and stiffness were used as measures of mechanical changes due to their predictable effects and direct relation to the functionality of the PDMS material. Even with these limitations, this study provides a preliminary method for assessing the potential of soft robots in radiation environments. While full functional tests will be required to deploy soft robots in nuclear environments, current findings show great promise for soft robots in high dose radiation environments. Future work will focus on quantifying the functionality of a 3D printed soft robot outside of an aquatic environment under radiation with radiation hardened test equipment.

The authors believe that soft robots under radiation environments warrant further study since the mechanical properties of the PDMS material studied showed great promise under radiation. Advantages provided by 3D printing of PDMS will give the opportunity to design and fabricate more complex robots for the soft robotics community. Future developments in this field will allow researchers to broaden the application fields of soft robotics.
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Growing robots are a new class of robots able to move in the environment exploiting a growing from the tip process (movement by growing). Thanks to this property, these robots are able to navigate 3D environments while negotiating confined spaces and large voids by adapting their body. During the exploration of the environment, the tip of the robot is able to move in any direction and can be kinematically considered as a non-holonomic mobile system. In this paper, we show the kinematics of robot growing at its tip level. We also present the affordable workspace analyzed by an evaluation of feasible trajectories toward target poses. The geometrical key parameters imposing constraints on growing robots' workspace are discussed, in view of facing different possible application scenarios. The proposed kinematics was applied to a plant-inspired growing robot moving in a 3D environment in simulation, obtaining ~2 cm error after 1 m of displacement. With appropriate parametrization, the proposed kinematic model is able to describe the motion from the tip in robots able to grow.
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INTRODUCTION

The ability of robots to move and interact with the environment is of fundamental importance for the accomplishment of demanded tasks in out-of-factory scenarios. Several kind of locomotion have been studied and adopted for different applications: in-pipe inspection (Mirats Tur and Garthwaite, 2010), medical (Phee et al., 1997; Dario and Mosse, 2003), aerial (Colomina and Molina, 2014), terrestrial (Siegwart et al., 2011), or marine (Seto, 2013) exploration. Among many solutions, animal-like locomotion strategies have been implemented in several different robotic platforms to improve performance and compliancy with the environment (Sfakiotakis et al., 1999; Armour et al., 2007; Bachmann et al., 2009; Cianchetti et al., 2015; Aguilar et al., 2016; Hooper and Büschges, 2017). More recently, plants have been explored in robotics leading to a new paradigm of locomotion, which is moving by growing (Sadeghi et al., 2013, 2014, 2017; Del Dottore et al., 2018b). This new class of robots can navigate the environment taking inspiration from the plants' feature to continuously increase the mass by adding new cellular material at their growing extremities, i.e., at shoot and root apexes (Verbelen et al., 2006). From an artificial perspective, this movement strategy can be exploited by additive manufacturing techniques (Sadeghi et al., 2017; Kayser et al., 2019) or skin eversion (Tsukagoshi et al., 2011; Sadeghi et al., 2013; Hawkes et al., 2017). This way, the robot is able to orient itself without the need of moving its entire body but confining the movement at its tip, while dynamically creating the robot's body and adapting its morphology to the environmental conditions and physical constraints. This feature qualifies robots able to grow for applications where the environment is not necessarily predefined or predictable, and high body adaptability is required (Laschi et al., 2016).

Being growth a new topic in robotics, the kinematics of such kind of movement is still poorly described in literature. Yet, to a certain extent, particularly from a kinematics point of view, a growing robot shows some similarities with systems implementing a follow-the-leader strategy, similarly to serpentine or hyper-redundant manipulators (Choset and Henning, 1999; Neumann and Burgner-Kahrs, 2016). This strategy of motion enables the extension of the backbone curve from the end effector location, while the antecedent part of the body follows the head direction. Such growth-like movement can be achieved either by propagating the curve forward from the base with the extension of discrete manipulator segments (Neumann and Burgner-Kahrs, 2016), and from the head down to the body (Choset and Henning, 1999), or with an extension from the tip with the release of a nested module (Gilbert et al., 2015; Kang et al., 2016). However, a follow-the-leader robot typically slides all its body, or a consistent part of it, during tip advancement, instead a growing robot permits to moves only its tip, while the consolidated structural body is fixed respect to the environment, reducing external friction and, thus, the energy required for moving (Sadeghi et al., 2013, 2014). Moreover, systems implementing follow-the-leader strategy are normally discretized, with a fixed number of segments (and joints) and a defined maximum length (and workspace in case of manipulators). On the contrary, a growing robot has not a predefined body, since this mainly depends by the added feeding material, and the robot can assume, in theory, an infinite number of configurations.

In the scenario of a robot growing at the tip and moving in space, the main question to be addressed is related to the path that the robot can take toward the target point, rather than the trajectory that the end effector makes to reach a specific point. In this view, we can compare the motion of this growing robot to that of a mobile robot able to navigate in a three dimensional space. To this end, it is important to describe the geometric configurations, or poses, of a growing robot and the potential environments that it can be able to navigate. Another important consideration is that a growing robot at the tip is a non-holonomic system, having a total of five DoF in configuration space (tip position in 3D space, and heading, and pitch angles) but only three controllable DoF at joint space, which are: two degrees of steerability (for tip orientation), plus one degree of mobility (the system velocity - in this case called growth velocity). These three degrees of maneuverability define together the space of possible configurations of a growing robot in 3D. For mobile robots, analyzing the workspace includes definition of how the robot moves between different poses, as well as of possible trajectories that the robot takes to reach a desired position with a specific orientation. The kinematic control of a system moving from a pose to another along a desired trajectory is often done by dividing the path in motion segments composed by straight lines and segments of a circle (Siegwart et al., 2011). When considering mechanical constraints, Dubin's path generation approaches (Dubins, 1957) are often used and adapted for the definition of feasible trajectories in 3D space (Ambrosino et al., 2009; Babaei and Mortazavi, 2010; Yu et al., 2015; Makdah et al., 2016).

In Del Dottore et al. (2018a), we provided a plant-inspired kinematic model, described in joint space, of a growing robot able to deposit new material from its tip in order to incrementally build its body (Sadeghi et al., 2017) and consequently move its exploratory tip forward. In that work we evaluated the error between target positions achieved in simulation and with the real robot after three different paths (2D curvilinear trajectories with arcs radius of 12.5, 17.5, and 22.5 cm), finding the maximal error of about 7% in 10 cm traveled in air. Here, we go forward providing a more thorough formalization of the kinematics, extending the description from joint to configuration space, and analyzing the space of maneuverability following the approach of non-holonomic systems. We present a strategy for defining suboptimal trajectories, with Dubin's path, for growing robots moving in 3D space and we describe the movements of the robot with our proposed kinematics. We also tested and evaluated our kinematic control in simulation parametrizing the model in primis with our plant-inspired growing robot, then testing robustness introducing different level of perturbations during growth, and finally with different settings of robot size and velocity.

In the following, we first describe the kinematics and the key design parameters affecting the behavior of growing robots (section Methods); then, we present the strategy proposed for defining 3D trajectories (section Results); and, finally, we discuss results of the simulations (section Discussions), followed by conclusive remarks (section Conclusions).



METHODS


Kinematics of Growing Robots

The characterization of the motion of a robot requires the definition of its kinematics and strategy to move from a point A to a point B in its configuration space. Based on the Chasles' theorem, any robot starting from (point) A, with a certain orientation, can reach (point) B, with another orientation, by means of a translation followed by a rotation of the body about its initial position (Siciliano and Khatib, 2008).

In Del Dottore et al. (2018a) there is an introduction of the forward kinematics, inspired by plant growth, describing the motion from the tip in 3D space through homogeneous transformation matrices. Starting from that, we can generalize the formulation by describing i as a moving coordinate frame, integral with the robot's tip, and j as the inertial frame (Figure 1A) (the entire dictionary of the symbols used throughout the paper is available in Supplementary Material). The origin of coordinate frame i relative to coordinate frame j can be denoted by the 3 × 1 vector:
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FIGURE 1. (A) Schematic representation for the motion from the tip of growing robots. Frame i is integral with the tip, which moves within an inertial frame j· A curvature with radius Rc is induced by a greater material deposition over the deposition plane (Pd) at a position identified with the angle α. After a period of time t have traveled a distance S of the arc around the center of rotation ICR; (B) definition of pitch γ and heading θ angles; (C) visual overview of key parameters in the mechanics of growing robots with the contact point CP of internal components with the robot's body which define the minimum curvature radius.



A generic point ir ∈ ℝ3 in frame i can be expressed in frame j as jr ∈ ℝ3 knowing the transformation matrix jRi ∈ SO(3), with the equation:

[image: image]

which can also be written as:

[image: image]

where the first factor of the right hand is the homogenous transformation matrix jTi ∈ SO(4). The forward kinematics of a growing robot can be described in the joint space, by identifying the joint-like position in the plane (Pd Figure 1B) between moving tip and body, where the process of growth is actuated. From a frame i, the next frame is obtained as a function of the growth velocity (g), position for the actuation of greatest material deposition [expressed as angle α w.r.t. the x axis in (frame) i] and intensity of bending in a unit of time (ϕ). With these actuation parameters we can formulate the sequence of post-multiplied transformations:

[image: image]

where the first subscript of T indicates if T is a translation (tr) or a rotation matrix (by indicating around which axis), and the second subscript gives the angle of rotation or direction of translation (v); and by convention: Cα = cos α and Sα = sin α. In (4), the greatest deposition is applied at the α-point along the circumference of the robot's tip, with respect to its x-y plane (Figure 1A) (the rotation Tz, α is used to localize this point and Tz, −α is used to rotate back the tip after the following transformations). Differently from Equation 6 in (Del Dottore et al., 2018a), the two discrete steps of motion (translation—for a vertical growth—and rotation—which describes a bending) are merged together in a single atomic action, obtained by Ttr, vTy, ϕTtr, −v, where v is the vector [image: image], which is used to localize the inertial center of rotation (ICR), and then the rotation of ϕ about the y axis (Figure 1A). Since Rc can be expressed as relation between the intensity of bending and growth velocity ([image: image]), the matrix in (4) can be obtained by substitution. When no bending is applied (ϕ = 0), α = 0 and the last column will define a straight growth. The kinematic chain that describes the moves done (or to be done) by the tip (with frame i) from an initial configuration s0 to reach a final configuration se along its trajectory, in terms of frame j, is obtained by consecutive multiplication of the homogeneous transformation matrices obtained with Equation (4):

[image: image]

As in mobile robotics, we can identify a path from s0 to se composed by a sequence of turns and straight lines (Dubins, 1957; Siegwart et al., 2011), and obtain the transformation matrix iT (st) for each of the segments. The problem is to define a feasible path for the robot.

To approach this problem, we describe the kinematics in configuration space for the tip of a growing robot with:

[image: image]

where g, as previously defined, is the growth velocity, x, y, z are the components of jpi, θ is the orientation of the tip in the x-y plane of frame j, or heading, and γ is the orientation of the tip with respect to the plane x-y in frame j, or pitch (Figure 1C). u1 and u2 are the control inputs, that need to be determined and should satisfy geometric constraints imposed by the robot mechanics on a minimum curvature radius reachable by the system (|Rc| ≥ Rmin).

From a geometric point of view, the Rmin is the main parameter limiting the affordable workspace of a growing robot, given a maximum allowable body displacement or that should be reached within a certain time. The minimum curvature radius is defined by geometric parameters of the mechanism with the following relations:

[image: image]

where rt, rr and L are parameters dependent on robot design (Figure 1B). As in vehicles, rt is the distance between the central line and the external lateral line where the wheel is located or, as in the case of growing robots, where the material is incrementally added; L is the distance between the steerable component (represented by the material added in the plane of growth actuation Pd) and the backward extremity of non-steerable module, if any (ideally, the wheelbase in a vehicle); and rr is the distance between the central line and the external side of the virtual cylinder encapsulating the internal components.

It should be noted that the parameters rr and L in (7) strictly depend on the configuration of internal components, which can be arranged differently from a cylindrical shape; however, we can approximate the bulkiness with the virtual cylinder built around the most cumbersome component in the assembly, considering it symmetric respect to the central line.

Rmin and the growth velocity g supply the maximum bending angle variation per unit of time [as in Equation (8)], which also represents the constraint for both control inputs (u1 and u2):

[image: image]

The workspace of a growing robot can now be described by evolving Equation (6) and imposing the constraint (8). Formally, there is always a path from any two points in 3D space (free of obstacles) that the robot can perform, with a desired destination and orientation; the only limiting factor on the workspace, when only geometric parameters are considered, is basically imposed by the material available to grow.



Path Planning

Let's define an initial state [image: image] and a target final state [image: image] in the inertial frame. To find feasible paths for growing robots, solutions based on Dubin's path generation can be adopted bringing the tip from [image: image] to [image: image]. Dubin's paths have been formalized for 2D motion planning of mobile robots and used to find optimal paths under curvature constraints (Dubins, 1957). In 2D, a minimum path is a path between a starting [image: image] and a final state [image: image] which can be composed by S straight segments or C curvatures, with several combinations: S, C, SC, CS, CSC, CC, CCC. If a solution with one or two segments is not available, the approach is to trace the tangent lines common to the four circles having [image: image] and [image: image] as tangent vectors, and selecting the path with minimum length (Figure 2). This approach guarantees the optimal solutions connecting [image: image] to [image: image]. When moving the problem from 2D to 3D space, for instance to define the trajectory of unmanned aerial vehicles, the resolution of the minimum path becomes complex and computationally burdensome. For this reason, a suboptimal path by merging multiple approaches [e.g., Dubin's path, trajectory smoothing, interpolation between waypoints (Hwangbo et al., 2007; Ambrosino et al., 2009; Babaei and Mortazavi, 2010; Yu et al., 2015)] is typically proposed.


[image: image]

FIGURE 2. An example of Dubin's path in 2D, from a starting configuration in position (xs,ys) and orientation θs respect to the x-axis, to a target configuration having position in (xe,ye) and orientation θe. The minimum path identified is composed by a first right curve, a straight line and a left curve. Each curvature has minimum curvature radius Rc.



Similarly, we addressed the problem of finding a suboptimal solution in 3D by dividing the problem into two optimal problems with curvature constraints: find the optimal path in 2D over two selected planes, [image: image] and [image: image], that intersect each other (where [image: image] and [image: image] lie, respectively) (Figure 3A).


[image: image]

FIGURE 3. Schematic representation for Dubin's path approach used for 3D resolution. (A) The two planes [image: image] and [image: image] where starting [image: image] and target [image: image] vectors lie on. (B) Key parameters to localize the target position along the line of intersection between [image: image] and [image: image]. (C) Top view of growing robot rip, with the two angles α1 and α2 of the possible deposition allowing the robot to move over the plane [image: image]. In (C) Dashed yellow line is the y-axis of the tip coordinate system, black dashed line is the x-axis and magenta is the z-axis, where also the tip direction lies; blue and black arrows are the vectors toward the two possible angles of deposition.



We adopted a similar approach to Babaei and Mortazavi (2010), in which a trajectory is traced from a starting position that lies on one plane to a target position lying on a second plane, and passing from a waypoint located at the intersection of the two planes. In fact, if the tip of the growing robot arrives to lie on the intersecting line, it can easily pass from one plane to another just changing the deposition point (its α angle).

To select [image: image] and [image: image] we traced the line [image: image] (Figure 3A) passing through Ps and Pe, and we defined [image: image] as the plane having the normal:

[image: image]

and analogously, [image: image] is selected as having the normal:

[image: image]

where [image: image] is the unit vector of the tip direction at starting position, [image: image] is the unit vector of the tip direction at final position, and [image: image] is obtained by:

[image: image]

This way, [image: image] is also the intersecting line between [image: image] and [image: image]. Over this line we should now identify a waypoint Pt which will be target position over plane [image: image], as well as starting position over plane [image: image]; whereas the orientation of the tip is defined by [image: image]. A valid point Pt should not be too much close to Ps; this closeness can be defined by geometric constraints imposed by Rmin. To respect this constrain, we can define Pt as (Figure 3B):

[image: image]
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In (13), the ϵ is a small quantity (which can ϵ → 0) introduced just to overcome possible numerical approximation errors.

From now, the problem is divided in two 2D problems. We take the projection of Ps and Pt on the new reference system defined on plane [image: image] (17) by extracting the first two components from, respectively vector A and B ([image: image] and [image: image]), which are obtained from the transformation:

[image: image]

[image: image]

[image: image]

Vector ŷs is obtained as the orthonormal vector between [image: image] and [image: image]:

[image: image]

Analogously, to obtain the 2D coordinates of Pt and Pe on the reference system defined on plane [image: image] (21), we extract the first two components of vector C and D ([image: image] and [image: image]):

[image: image]

[image: image]

[image: image]

[image: image]

By definition Equations (17) and (21), we have the heading angles of starting poses equal to 0, while we can obtain the heading angles for the target poses as:

[image: image]

[image: image]

Therefore, the parameters of the minimum path problem on [image: image] are provided by the initial state [image: image] and the final state [image: image], while for [image: image] the parameters are [image: image], and [image: image].

Once we get the sequence of path segments, we can identify for each segment the action represented by the triple 〈α, β, S〉, where β = [image: image] is the angle representing the arc of the circle to be performed, [image: image] is the segment length, and α is the angle opposite to the curvature, on the x-y plane of the robot, which will indicate the point of deposition. α is found by first evaluating the angle δ between the plane where the robot is supposed to move (with normal [image: image]), with the robot's x axis unit vector ([image: image]):

[image: image]

then defining the two possible deposition angles, which should lie on the perpendicular line respect to [image: image], as [image: image] and [image: image]; and finally picking as α for each segment of the path, the one among α1 and α2 that is on the opposite direction of the projection of the vp vector (the next waypoint in the sequence to be reached) on the x-y plane of the tip (vα · vpxy = 1) (Figure 3C).

The triple 〈α, β, S〉 can thus be used as input parameter for Equation (4) to obtain iT for each of the segment, and by (5) we get the kinematic chain of the robot from [image: image] to [image: image].




RESULTS


Model Evaluation Over Different Distances of the Target Configuration

To evaluate the proposed kinematics we simulated the growth of a robot, implementing the equations of section Methods in MATLAB. We parametrized the simulations to fit the physical parameters of the growing robot implemented and deeply presented in Sadeghi et al. (2017) and Del Dottore et al. (2018c). The robot has an internal radius rt of 2.2 cm, and an internal module with L equal to 4.8 cm and rr of 1.2 cm, resulting in an Rmin of 9.82 cm. This geometric evaluation agrees with the experiments performed on the robot and presented in Del Dottore et al. (2018c), in which we found a maximal deposition angle of 0.45° for a single layer having a maximal height of 0.095 ± 0.002 cm, thus resulting in an Rmin = 9.79 cm. In the current work, we imposed Rc = 10 cm ≥ Rmin in all our simulations to find the path from starting [image: image] to the target configuration [image: image]. Moreover, our robot is able to deposit a single layer of material in 18 s and consequently for the simulated robot ϕ is equal to 0.025/s and the growing velocity is g = 0.0043 cm/s.

Four different groups of simulations were performed, with 50 repetitions each. The groups were composed setting the Euclidean distance between starting and target position (||Ps − Pe||2) of, respectively 4, 8, 16, and 32 times Rc, and choosing for each repetition a completely random starting [image: image] and target [image: image] pose. At the end of each simulation we evaluated the error in position (εp) as the distance between target position (Pe) and the simulated robotic tip position (Te), normalized over the distance of the Dubin's path (l):

[image: image]

and the errors in the heading (εθ) and pitch angles (εγ) as the distance between the target and achieved angles:

[image: image]

[image: image]

where θt and γt are, respectively the heading and pitch angle achieved by the simulated robotic tip. The normalized error in position seems to slightly grow with the distance (Figure 4A) with a mean ranging from a lower value of 0.0084 ± 0.0069 to a maximum of 0.0198 ± 0.0105. The errors on heading and pitch are instead not affected by the distance, mean rank of each group is not significantly different from the others (p-value for heading error is 0.4327, and for pitch error is 0.6420), thus we can estimate a mean heading error of 1.89° ± 0.28° (Figure 4B) and a mean pitch error of 1.77° ± 0.09° (Figure 4C). Also, in a short path (≤ 4Rc), the system due to its mechanical constraints is forced to travel a distance typically greater than the distance between starting and target pose, while in longer paths (> 4Rc) the distance traveled almost resemble the distance between Ps and Pe (Figure 4D). Videos showing a schematic representation of the kinematic and examples of robot growth evolution in simulation from [image: image] to [image: image] are available as Supplementary Videos 1, 2. The error is mainly due to the discrete process of deposition, which induces an error between the desired waypoint (in the sequence of Dubin's path) and the actual position reached. Due to the small amount of material added at each step (in our case less than 1 mm) and the small angle (0.45°), the positional error remains relatively low.


[image: image]

FIGURE 4. Performance achieved with the plant-inspired growing robot (Sadeghi et al., 2017) in simulation. (A) positional error over four groups of simulation 50 repetitions each, having random starting and target position with Euclidean distance 4Rc, 8Rc, 16Rc, and 32Rc; (B,C) orientation errors, heading and pitch, respectively; (D) final path length of the random paths that have been performed, normalized over the minimum curvature radius. In each graph, the red dots are the single simulation and red squares are median values. Mean values are connected by the dashed blue lines.





Contribution of Noise to the Model Error

To verify the accuracy of the model, we introduced a random noise component to perturb the system. From each of the previously obtained group of simulations (4Rc, 8Rc, 16Rc, 32Rc) we extracted the path having εp closer to the median value of its group (Figure 5). For each of the selected path, we simulated the growth of the robot testing ±1, ±2, ±5, and ±10% of noise, calculated as a percentage of the averaged growth rate g, and used as additive noise to g at each time step. We limited the analysis to ±10% since, in the real system, we do not expect an excessively high noise in the growth rate. In fact, from previous experiments on the robot growing straight (Del Dottore et al., 2018c) we could find on average an error of ±2% in filament deposition height. We performed 70 repetitions for each level of noise in each group. Results (Figure 6) show stronger effects of the noise over short distances [increasing values - in 4Rc (Figure 6A) -or irregular trends - in 8Rc (Figure 6B)] rather than over long distance traveled (Figures 6C,D) (the one-way ANOVA test is reported in section Statistical analysis of the noise effects on the positional error of Supplementary Material).


[image: image]

FIGURE 5. Representative paths extracted from each of the four groups (paths having the positional error close to the median error value). First row shows the Dubins' path obtained by the proposed path planner, while the second row shows the final configuration reached by the simulated robot with the corresponding time required to grow. (A,E) configuration having starting and target position with Euclidean distance of 4Rc; (B,F) of 8Rc; (C,G) of 16Rc, and (D,H) of 32Rc. In the Dubin's paths, blue segments are straight lines and red segments are curvilinear paths; the starting tip position and orientation is described by magenta arrow, and target position and orientation is described by the black arrow. The output of the simulation is described in the figure by the final robot body (orange) and tip (white and yellow) configuration.




[image: image]

FIGURE 6. Positional error obtained with four different level of noise by the plant-inspired growing robot (Sadeghi et al., 2017) in simulation, over the four different groups of path: (A) 4Rc, (B) 8Rc, (C) 16Rc and (D) 32Rc. In each graph, the red dots are the single simulation and red squares are median values. Mean values are connected by the dashed blue lines. The errors at 0 noise are the one obtained by the path closest to the median error from the previous set of simulations with no noise.





Effects of Robot Parameters Variation: Dimensions and Velocity

Additionally, we varied robot parameters to verify how robot dimensions and speed could affect model accuracy. Robot dimensions come into play in the kinematic model in the form of curvature radius ([image: image] see Equations 4 and 7); thus, to analyze the behavior of the error, we created 8 different combination of g and Rc, preserving a constant number of deposition over the same displacement, by setting constant g · t = 0.3096, where t is the time of material deposition for a single atomic step of growth (Table 1). To compare the performance among different robots, we calculated the index [image: image], which defines a ratio between robot minimum growth and its curvature radius. As before, we performed 4 different groups of path with 50 repetitions each having random [image: image] and [image: image]. Positional errors with relative standard deviation are reported in Table 2. Ultimately, we looked at the error behavior emerging from robots having different time of deposition t. We set the parameters taking inspiration from the robots presented in Kayser et al. (2019) (named as robot B in the following) and Hawkes et al. (2017) (named as robot C), missing data have been estimated from the available information (Table 3). Also in this case, we performed four groups of simulations with 50 repetitions each, having random [image: image] and [image: image]. Two examples of the paths performed by the simulated robot B and C are in Figure 7.



Table 1. Different parameterization of robot speed, curvature radius, and maximal intensity of bending ([image: image]).

[image: image]






Table 2. Mean positional error (±SD) achieved by each robot parameterization, over the four groups of path, with 50 repetition each.

[image: image]






Table 3. Parameters adopted for simulating the growth of robots having different size and growth velocity.

[image: image]





[image: image]

FIGURE 7. Paths having the positional error closer to the median value for the group of simulations having 4Rc as Euclidean distance between starting and target position. (A) Robot B Dubin's path and (B) configuration achieved at the end of simulation; (C) robot C Dubin's path and (D) configuration achieved at the end of simulation.



Results demonstrate that heading and pitch errors are unaffected by variation of parameters, showing a not significantly different behavior among all the simulations obtained with parameters as in Tables 1, 3 (p-value for heading error is 0.5578, and for pitch error is 0.1490) with an average error of ~2° εθ (Figure 8A) and ~1.8° εγ (Figure 8B). Whereas, εp tends to stabilize in long distances (path length ≥ 8Rc) in robot B and C (p-value in long paths with robot B is 0.7719, and with robot C is 0.9160), reaching a mean error of 0.0043 ± 0.0023 with robot B and of 0.1655 ± 0.1089 with robot C (Figure 8C). Moreover, for constant k the error εp is not affected (the one-way ANOVA test is reported in section Statistical analysis to evaluate the significance of different parameterization of Supplementary Material), while it increases with k (Figure 8D). Conditions for high k values are small curvature radius or large discretization step (g · t = robot B 6.26 cm [image: image] robot C 2 cm [image: image] robot A 0.077 cm) (Table 3) which induces to accumulate errors in reaching each sequence target position and amplifies this effect in tight curvilinear paths (case of robot C with Rc = 3.8 cm).


[image: image]

FIGURE 8. Comparison of mean heading (A), pitch (B) and positional (C) errors achieved by robot A, B and C for each of the simulation groups. In (D), the positional error is shown as a function of the ratio k between discretization step (g · t) and curvature radius Rc. The dots in graph B represent the mean positional errors achieved by the simulations with the parameters as presented in Tables 1, 3, averaged among groups 8Rc, 16Rc, and 32Rc. Results obtained by robot are highlighted by the corresponding colored lines. Performances of robot A in all the graphs refer to the results as shown in Figure 4, but are here reported for easiness of comparison.






DISCUSSIONS

The motion obtained by growing from the tip is becoming an attractive ability in robotics since it can enable robots to navigate their environments by adapting their bodies and morphologies to the constraints of the surrounding. The body is built in real-time by the robot, according to environmental and task demand, through the addition of new material at the tip, driving in this way the tip navigation. This means that the robot's path is not predictable a priori.

Navigation of unstructured environments cannot rely on classic map-based path planning strategies; the robot in those cases should move with a higher level behavior control, i.e., a stimuli-oriented control (Sadeghi et al., 2016). In this context, a perfect knowledge of the robot kinematic is fundamental for understanding the feasibility of the path chosen by the behavioral control. The proposed kinematic model can be adopted, coupled with the higher control, to help in localizing the robot or to predict its next position. Moreover, the proposed kinematic control can be used in short-distance navigation: when for instance the robot has the possibility to reconstruct the close surrounding by means of its own perception (e.g., vision, tactile, depth sensors). In this view, the robot can set a proximal waypoint, define its path, and reach the target.

The key parameter defining the path and the ability of a growing robot to adapt through different unknown patterns is the minimum curvature radius. This parameter is affected, and consequently, the space of maneuverability may be limited, by the design of the robot and particularly by the size of mechanical components (e.g. motors, other actuators, and components). Here, a parameterization of the growing system mechanical design is presented and formulation of the curvature radius in terms of that parameters proposed, giving a good agreement with experimental results, i.e., we geometrically evaluated the minimum curvature radius of our growing robot as Rmin = 9.82 cm, whereas by previous experiments we found Rmin = 9.79 (Del Dottore et al., 2018c).

Yet, our analysis has been limited to a geometric evaluation aimed at characterizing the motion of growing from the tip robots. By looking at the kinematics, we evaluated the theoretical workspace of growing robots, however, when deepening in the analysis of the motion, dynamics of each specific system should be also considered. For instance, when a growing robot moves in the air, the weight of the tip and the suspended part of the built body should be carefully taken into account in the control dynamics, in order to prevent the structural collapse. In fact, speed and forces acting on a robotic system play a relevant role which could address the features of the robot from one application to another. Also, when designing the robot, the selection of the growth mechanism is particularly important when talking about applications. For instance, for biomedical applications, in the design of a growing robot, the reversibility of the system and the biocompatibility of the growth strategy and building material are fundamental, whereas, in a rescue scenario, the speed and robustness become much more relevant.



CONCLUSIONS

This paper formalizes the kinematics model for growing robots, setting the analogy with mobile non-holonomic systems, and shows the ability of the model to describe the motion of a plant-inspired growing robot. Given a starting and a final pose in the 3D space, here we defined a kinematic control to connect them. We propose to split the global movement into two optimal planar paths based on Dubin's solution and we formalize our approach finding the two planes and the trajectories above them. We verified our strategy with different poses in simulation demonstrating the ability of a plant-inspired growing robot to reach the expected final position with the desired orientation (maximal positional error of ~6 cm in 320 cm of path length and ~1.8° in orientation errors). We also evaluated the effects of different level of noise, and the effects of different model parametrization. We noted that not only the curvature radius but also the specific discretization of the robot affect its ability in reaching, with high or low accuracy, the desired point and thus must be taken into account when defining a feasible path. However, our analysis generally shows the accuracy of the proposed strategy, when considering an almost continuous growth of the robot, the efficacy of the model and its applicability over different sizes, curvature radius, and growth speeds.

However, when moving from simulation to physical implementation, the kinematic analysis is not enough to correctly analyze robot motion. Future steps will focus on formalizing the optimal path considering specific characteristics of the robot into the model, particularly, evaluating how the dynamics (considering self-weight and other forces exercised in interaction with the environment during growth) would affect the path, and implementing the strategy on the robo-physical model (Sadeghi et al., 2017). Additionally, positional and orientation errors between simulation and a real robot would be considered and corrected, at least partially, by adopting internal odometry sensors and inertial measurement units, which would allow inserting feedback about the actual material deposition into a closed-loop control.
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Soft robots have the potential to diminish the need for humans to venture into unsuitable environments or work in extreme conditions. While their soft nature gives them the advantage of being adaptable to changing environments, their control can be challenging because of the compliance that makes them effective. In this paper we present RUBIC: the Rolling, Untethered, Ballooning, Intelligent Cube, that overcomes some of the difficulties of 2D control by constraining motion to a discretised Cartesian space. RUBIC's method of locomotion is by rolling from one face of the cube to another, in any one of four directions. This motion causes it to move within a 2D grid structure, the dimensions of which are defined by the cube's characteristic length. When in its resting position RUBIC is inherently stable and forms a safe platform for tasks including taking measurements and soil samples, for localization and ad hoc network infrastructure, and as the foundation for larger robots and structures. We present the design of RUBIC's body, the four pneumatic ballooning actuators per face that generate its unique gait, and the control systems for locomotion and obstacle climbing. We consider constraints imposed by the design and fabrication methods including physical dimension and weight, material properties and control fidelity. An alternative locomotion scheme is proposed to improve the speed and linearity which also increases the distance traveled per roll. RUBIC travels with a mean locomotion accuracy of 4.58° deviation and successfully traverses steps up to 35% of its own height. The discretisation of a soft robotics workspace, as demonstrated by RUBIC, has advantages for safe and predictable locomotion and has applications in both structured and hazardous environments.

Keywords: soft robotics, locomotion, untethered, fluidic elastomer actuators, RoboSoft


1. INTRODUCTION

Soft robotic locomotion is of interest due to the ability of compliant systems to deal with uncertain terrain. These techniques are typically inspired by biological organisms, such as caterpillars, snakes and insects (Kim et al., 2013). There are a range of different materials and soft actuators that can be used for the fabrication of such devices, such as elastomers (Marchese et al., 2015), shape memory alloys (SMAs) (Umedachi et al., 2016), dielectric elastomers (Li et al., 2018), and kirigami skins (Rafsanjani et al., 2018).

Of these materials, elastomers are a popular choice as they are highly versatile and compliant whilst being light-weight (Ilievski et al., 2011). For these reasons, they have been used in a variety of locomoting soft robots. One such soft robot designed by Shepherd et al. (2011) and Tolley et al. (2014a) demonstrates a crawling motion. The soft robot is completely manufactured with the elastomer silicone and uses this material to create a frictional difference with the ground between the leading and tail end of the robot that alternates as it moves to favor forward motion. However, the frictional contact between the elastomer and the ground leads to a high rate of wear, in turn causing a risk of puncture. This limitation can also be seen in the robot that uses vibrations to bounce across a surface on its elastomer bellows (Kühnel et al., 2016). The walking legged robots by Nemiroski et al. (2017) utilize elastomers to create joints to move more rigid components or legs. These are potentially better suited to traversing uneven terrains than crawling robots, not only as the soft elastomer is less likely to get damaged as it is not in contact with the surface, but also because they have a smaller surface area in contact with the ground, resulting in less energy being used to overcome friction and allowing them to navigate over obstacles (Siegwart and Nourbakhsh, 2004).

Rolling has the potential to be a faster method of locomotion for soft robots, however it comes at a cost of increased unpredictable path following and complex simulation and control (Li et al., 2018). Different technologies have been used to achieve the rolling motion. Li et al. (2018) created a soft robot with patterns of dielectric elastomers (DEAs) in the shape of a ring. Activating these DEAs results in extension of those regions and therefore deformation of the ring. Other methods of rolling have been achieved with pressurizing fabric tubes which have been constrained in certain directions to generate bending (Wang et al., 2019). Successful application of elastomers for the use of rolling locomotion has been demonstrated by Steltz et al. (2009) and Steltz et al. (2010) which uses a technique known as particle jamming. Silicone elastomer filled with particles and arranged in a sphere can be vacuumed to change its stiffness. Rolling is achieved when specific elastomer cells are unjammed causing them to reduce in stiffness. A central actuator then causes expansion of these cells and a change of shape of the sphere. Although a completely soft locomoting robot is achieved, the thickness of the elastomer and number of elastomer cells will limit the complete morphing ability of the robot.

Applications of soft robotics for locomotion are expansive and have overcome some of the challenges faced by rigid robots. However, their pliable nature comes with the challenge of control due to their high number of degrees of freedom. The non-linearities within the actuation of soft robots can result in systems that are difficult to predict and the repeatability of motion can be challenging. As such, control schemes for soft robotic systems often require intrinsic and extrinsic sensing and/or localization, alongside complex control systems for locomotion. Additionally, current systems generally lack the stability of conventional robotic systems and resting positions can vary from step to step (Tolley et al., 2014b). Soft robotic systems often also require tethering to off-board pneumatic and electronic components, resulting in long tethers that limit the robot's range of motion and reach (Shepherd et al., 2011).

We present RUBIC, the Rolling, Untethered, Ballooning, Intelligent Cube. The external structure, actuation mechanisms and internal structure are shown in Figure 1. RUBIC utilizes fluidic elastomer actuators to locomote from face to face, as shown in Figure 1B. In contrast to past soft robotic systems, RUBIC can approximately follow a discrete, predictable path along a grid. In addition, RUBIC is operable untethered as all electronics are on-board and commands are received via remote control. In this paper we describe the design of RUBIC, with focus on the characterization of the actuators and quantification of locomoting patterns.
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FIGURE 1. (A) RUBIC, stationary. (B) Demonstration of untethered rolling via pneumatic actuators. (C) RUBIC with open casing. (D) The internal structure of RUBIC.





2. ROBOT DESIGN

The fundamental concept of RUBIC is a cube that locomotes by rolling. Actuation is provided by 24 fluidic elastomer actuators, attached to the faces of the cube, that inflate to create a rolling motion, as shown in Figure 1B. To achieve locomotion in two dimensions, each face comprises four actuators in a 2 by 2 matrix. When two adjacent actuators on the bottom face of the cube inflate, they lift that side of the cube causing it to roll onto the adjacent face. Repeating this process allows RUBIC to navigate through its environment along a discretised path. The cubic structure ensures that the robot can be directed left, right, forwards or backwards with a simple control system. Power is provided via an on-board lithium polymer battery, allowing for approximately an hour of locomotion per charge. Control signals are sent via Bluetooth, allowing the robot to operate untethered.

A cube was selected as the base structure for the robot based on the outcome of analysis into the dynamics of platonic solids with equal volume. The five platonic solids were considered: tetrahedron, cube, octahedron, dodecahedron and icosahedron. These solids were then analyzed based on three factors: rotation angle; actuator volume and energy. For rotation angle α, we calculated the angle each solid must be rotated from its stationary position in order to roll to the next face, e.g., 45° for a cube.

[image: image]

where rin and rmid are the inradius and midradius of the platonic solid, respectively. For actuator volume Vactuator, we modeled the fluidic elastomer actuators as spherical caps, such that we could calculate the volume they need to inflate to in order for the solid to rotate to the rotation angle.

[image: image]

with sphere volume Vsphere, spherical cap volume Vcap, sphere radius R, spherical cap height h, and actuator diameter c. For energy, we calculated the kinetic energy by comparing the potential energy in the resting position to the potential energy when rotated to the rotation angle.
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where H and H′ are the height of the robot at resting and the turning position, respectively. For further details please see the Supplementary Materials.

The outcome of this analysis is that rotation angle, actuator volume and energy decrease with increasing number of faces, as shown in Figure 2. However, there is an exponential decrease in actuator volume. This indicates that tetrahedrons would require actuators to inflate to over four times larger than those actuating a cube.
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FIGURE 2. A comparison of platonic solids, based on: (i) Rotation Angle: The angle each solid must be rotated in order to flip to the next face. (ii) Actuator Volume: The volume an actuator would have to inflate to in order to reach the rotation angle. (iii) Energy: The potential energy required to reach the rotation angle.



Though icosahedron have the lowest values in all three metrics, there are other factors to consider. Fabrication complexity increases with the number of faces, as each face requires between 3 and 5 actuators, depending on the solid. Thus, cubes and octahedrons would require 24 actuators to enable multi-directional locomotion and dodecahedrons and icosahedrons would require 60. Another consideration is in the solid's stability when at rest, as it is anticipated that the resultant robot would be used in unstable environments. In this instance, a higher rotation angle is beneficial, as it means that the solid is less likely to roll due to environmental perturbations. As such, cubes were selected based on the low actuator volume required to reach the rotation angle compared with tetrahedrons and their stability compared with solids with more faces. Additionally, cubes are the only platonic solid capable of straight line locomotion, as all other solids follow angular paths when rolled from face to face.


2.1. Robot Fabrication

2.1.1. Internal Structure

The internal structure of RUBIC can be seen in Figures 1D, 3. We designed the layout to allow for an even distribution of weight, thereby minimizing the interference with the kinematics of the cube. The components are fixed to 4 layers of laser cut plywood as shown in Figure 3A. The outer two layers house 12 3-way solenoid valves (5-6 V; Zonhen Electric Appliances), 6 on the top layer and 6 on the base layer. The middle two layers contain the PCB, the Lithium-ion Polymer battery (7.4 V; 1000 mAh, Turnigy) and 2 pumps (3 V, KPM14A; Koge Electronics CO., LTD.). Both pumps are connected to all 12 valves to ensure maximum pneumatic power, and each valve is connected to two actuators on opposite sides of the cube, as shown in Figures 1D, 3B.
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FIGURE 3. (A) Schematic of layered structure inside RUBIC to house the battery, PCB and pneumatic system. (B) Schematic of pneumatic system for two of the six sides of RUBIC, from pumps (far right) to pairs of actuators via the valves. (C) Screenshot of the GUI used to control RUBIC.



A key challenge in our design of RUBIC was to minimize size and weight in order to reduce the load on the pumps and increase locomotion speed. Size was a particular issue as actuating a larger cube would require a greater torque and create a greater distance for the actuators to lift in order to locomote. As a compromise, we chose to use 12 valves connected to opposing pairs of actuators, rather than having 24 valves with one valve per actuator. This saved on space and weight, allowing RUBIC to be a 10 cm cube and 0.83 kg, while containing all of the required electronics. However, this resulted in a decrease in speed since the pumps were then required to pump twice as many actuators at a time. It is also the cause of RUBIC's unique appearance when locomoting, observable in Figure 1B.

2.1.2. Actuators

We manufactured the pneumatic actuators from silicone elastomer (Ecoflex 00-30TM; Smooth-On), as it is light-weight, versatile and highly compliant, reaching up to 900% expansion before tearing (Smooth-On, 2018). Further characterization of the elastomer has been performed by Sparks et al. (2015). Actuators were manufactured in a 2-step molding process. Bases and covers were fabricated separately, before being cured together along their edges to create a sealed air chamber, as shown in Figure 4. Each actuator measures 50 × 50 × 8 mm. The wall and ceiling thicknesses of each actuator are approximately 2 mm and 1.5 mm respectively. The base of the actuators are 3 mm thick and contain a constraining paper layer to limit expansion at the base (Figure 4D).
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FIGURE 4. Illustration of actuator fabrication in a 2-step molding process. The molds (A1,B1) were used to separately fabricate the silicone covers (A2) and bases (B2). These were then cured together with another layer of silicone, into which a piece of paper was placed to create a complete air chamber with a radially constrained base (C,D).



We designed the actuators with four right angled silicone extrusions to ease connection with the internal Medium-Density Fiberboard (MDF) body. A ring of silicone was also extruded from the center of the actuator to interface with the pneumatic input (external and internal diameters of 8 mm and 4 mm, respectively). Extruded structures are 4 mm in length, long enough to extend through holes in the 3 mm MDF body. Actuators were fixed to the internal structure of the cube with the use of silicone adhesive (Sil-PoxyTM; Smooth-On). We dyed the actuators a different color for each side of the cube to make them distinguishable and to simplify setting up the control mechanism.



2.2. Principle of Operation

At start up, the Bluetooth communication channel is enabled (visual feedback is provided by an LED to confirm connection) and all valves and pumps are off. We control the robot from a PC or tablet via a graphical user interface (GUI) that was developed for ease of operation, as shown in Figure 3C. The GUI includes switches to initialize pumps and manipulate which valves are open or closed at any time. We update valves by selecting the actuator on each image that needs to be opened and then click “Update Valves,” thus updating all valves at once. Opening a single valve translates to activating two actuators on the robot, as described in section 2.1.1 and illustrated in Figure 3B. We operate the robot by observing which side faces the ground, finding the corresponding colored face within the GUI and opening the two valves opposite to the direction of travel. The GUI updates all valves simultaneously, overcoming potential problems with off-setting actuation, which would result in an unwanted tilt.

We designed RUBIC to discretise the operable space surrounding it. This is a novelty that can be difficult to accomplish with soft robotic components, due to non-linearity of actuation and the high number of degrees of freedom that soft materials exhibit. In principle, this means that RUBIC translates its environment into a grid structure along which it locomotes. Inflating two actuators opposite to the direction of travel results in locomotion to the next grid point, either to the left, right, front or back. This discretisation allows for predictions to be made about how RUBIC can move in space. It also allows environments to be mapped such that routes can be planned prior to actuation of the robot.




3. ACTUATOR CHARACTERIZATION

The fluidic elastomer actuators are the fundamental components that allow locomotion of this robot. In this section we detail the steps taken to characterize these actuators.


3.1. Method

We designed RUBIC to operate untethered, thus increasing its operation space and eradicating restrictions resultant from a tethered connection. In order to operate untethered, all of the components had to be integrated inside the body of the robot. To save space, smaller pumps had to be used and the number of valves reduced, as shown in Figure 3 and discussed in section 2.1.1. Consequently, the pumps inflate two actuators simultaneously. To investigate the performance impact of this set-up we tested the actuators in terms of their vertical displacement and pressure reached with time for actuation of single and double (paired) actuators. We conducted tests with pumps equivalent to the on board pumps installed in RUBIC. Testing in this way allowed for a comparison in terms of both speed and pressure dynamics.

We attached the actuators to the bottom and, in the double actuator test, to the top of a linear guide. To test the performance of a single base actuator in lifting the robot, we set the weight of the supporting structure to match half of the robot's weight, as we assumed that one actuator provides half of the lift required for locomotion. We inflated the actuators until a height of 75 mm was reached, as this was the approximate height required to roll onto the next face, described in section 4.1 (Figure 7). We maintained this level until a valve (S070C-SBG-32; BEST Pneumatics Inc.) was opened to deflate the actuators. We measured the height with a laser displacement meter (LK-G152; Keyence) and the pressure inside the actuators with a pressure gauge (HSCDANN030PGAA5; Honeywell). The results we obtained allow for comparison between the single (unpaired) and double (paired) actuators.



3.2. Results

In Figures 5, 6, from time 0 to t1, the pump is switched on to activate inflation of the actuators. From t1 to t2, the pump is switched off but the air is maintained in the system (i.e., the actuators are kept inflated); after time t2 the valve is opened to release the air and allow the actuators to deflate.


[image: image]

FIGURE 5. Results of height and pressure measurements for actuation of paired actuators (as in RUBIC). t1 signifies the time at which the pump is switched off; t2 signifies the opening of the valve to release the air.
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FIGURE 6. Results of height and pressure measurement for actuation of a single actuator. t1signifies the time at which the pump is switched off; t2 signifies the opening of the valve to release the air.



Figure 5 shows the height and pressure measurements for actuation of the paired actuators, closely representing the actuation scheme used in RUBIC. For each pair of actuators, only the actuator on the bottom face of RUBIC is load-bearing and responsible for lifting the robot. To replicate this in the paired actuator experiment, we applied a load to one actuator and allowed the other to actuate freely. During the initial inflation period, the rate of vertical displacement drops temporarily (between A1 and A2) because the inflation of the top actuator is greater than that of the bottom actuator. As the pressure remains constant, this behavior can be explained by the slight difference in material thickness of the actuators and the additional external load acting on the bottom actuator (i.e., the weight of the test rig). While maintaining constant height, the actuator rapidly snapped through to a stable, high-strain ballooned state. This dynamic snap-through is a well studied phenomena with inflated hyperelastic membranes (Akkas, 1978). Toward the end of the deflation period (A6), the rate of pressure and height change levels due to a fold that developed in the bottom actuator. In that period, the top actuator deflated at a higher rate before both actuators returned to their initial configuration (A7).

The same general behavior can be observed using only one actuator. However, the actuator inflates at a steadier rate (B1 and B2 in Figure 6) as no mutual interference between the two actuators occurs. It also takes approximately half the time to reach the desired height. Considering the same general behavior for the two tested actuator configurations, the use of double actuator inflation is a valid trade-off to enable an untethered robot, although at the cost of locomotion speed.




4. LOCOMOTION CHARACTERIZATION

Locomotion of RUBIC is achieved by rolling from one face onto the next in a quantized Cartesian space. In this section, we describe the steps taken to characterize the locomotion abilities of RUBIC.


4.1. Analysis of Locomotion Schemes

4.1.1. Method

Locomotion of RUBIC consists of opening pairs of valves, allowing time for the actuators to fill with air and waiting for a tipping point to be passed (the moment at which the center of mass of the robot passes over the point of contact with the ground). A single step of the robot can be modeled simply by considering the leading edge of RUBIC as a hinge and then calculating the diameter the actuator has to inflate to (inflated diameter) in order to reach the tipping point, as depicted in Figure 7A. Assuming uniform weight distribution within the robot, we deduce that the angle required for the robot to reach its tipping point is 45° when the robot locomotes with rear actuators alone. We propose that a second locomotion pattern could reduce the time required to complete a single step. This second pattern consists of activating the rear actuators as before, but then activating the front actuators during the roll to assist the motion.


[image: image]

FIGURE 7. Diagram of height required from actuators to reach tipping angle of RUBIC for two actuation schemes: (A) Rear actuators only; θA = 45°, resulting in actuator height hA = 3LsinθA/4 = 53.03 mm for L = 100 mm. (B) Front and rear actuators; (B1) rear actuators initially activated until RUBIC reaches minimum angle [image: image], where the center of mass shifts beyond the center of the front actuators (L/4 from hinge point), hB1 = 33.58 mm for L = 100 mm, (B2) front actuators are then additionally activated until tipping angle θB2 = 45° is reached, (where hB2 = hA).



Figure 7B illustrates a theoretical model for this actuation pattern, again assuming uniform weight distribution. For the front actuators to assist, not impede, the roll, they must be activated once the center of mass has passed over the center of the front actuator. In doing so they provide additional torque about the hinge point. Activation prior to this point does not assist with locomotion, where the angle θ at which the front actuators should be activated was calculated from the geometry of a cube to be at least 26.6° as shown in Figure 7B1.

To test this alternative actuation pattern, we placed RUBIC in front of a blackout curtain with space to locomote forwards. We cut several freestanding plywood triangles to act as physical representations for each value of angle θ being tested and placed these in front of RUBIC. We then inflated the rear actuators until the base of RUBIC matched the freestanding representation of θ, at which point we inflated the front actuators as shown in Figure 8A. We performed three tests for θ = 10°, 15°, 20°, and 25°. We then extracted time-stamped data, including the point at which valves are opened, the point at which the front actuators are actuated and the end of the roll, from recorded video and used this data to evaluate the effect of changing angle θ.


[image: image]

FIGURE 8. (A) Test set-up for alternative actuation pattern, showing threshold angle (θ = 15° in this case). (B) Approximate leading edge trajectory (dashed gray) of RUBIC when alternative actuation pattern is used.



To determine the linearity of RUBIC's locomotion, we measured the angle of deviation from a straight line path. A primary novelty for RUBIC is the quantization of its environment and its movement within a 2D grid. In order for this pattern of locomotion to be achievable and predictable, the path that RUBIC follows when rolling in any one direction must be as straight as possible.

We aligned the robot to a straight line on a large, flat surface and recorded its starting position. RUBIC then locomoted step by step along this line until two full rotations were complete (resulting in a total of 8 steps being taken). We then recorded the final position and calculated the angle of deviation. We ran 5 trials for both the original locomotion pattern (using rear actuators only) and the alternative pattern (using both rear and front actuators, with front actuators activated once RUBIC reached an angle of 15°, based on the results of the previous test). We also recorded position data for each step within two trials of the alternative actuation pattern to illustrate an example linear path. Figure 9 shows the experimental set-up and an example path for the line-following experiment where lengths A and B equate to the measured distance and deviation of the final position relative to the central line. We calculated the overall deviation angle α as α = arctan(B/A).


[image: image]

FIGURE 9. Example deviation of RUBIC from the central line during the course of 2 full rotations using the alternative actuation scheme (front and rear actuators used). Measured trajectory of leading edge shown in white. Final displacement (A) = 909.75 mm and deviation from center (B) = 78.51 mm.



To evaluate RUBIC's capabilities over uneven terrain, we devised a test to measure its performance traversing a surface that included steps that ranged from 20 to 40 mm in 5 mm increments. For each step, we aligned RUBIC such that the robot landed with the center of the robot just off the edge of the step, as shown in Figure 10B. In this way, the rear actuators were not on the step and were able to continue pushing the ground. The front actuators were then actuated once the base of the robot had reached a 15° angle with the step, making contact with the step and assisting the roll. It was expected that RUBIC would not be able to traverse a step greater than 50 mm since the pivot point between RUBIC and the step would be too high to lift the center of mass over. Video was taken of the experiment and the set up can be seen in Figure 10. We extracted time data from video recordings as a metric to compare different climbing methodologies.


[image: image]

FIGURE 10. Snapshots of RUBIC traversing up a 35 mm step in chronological order from (A–D).



4.1.2. Results

For the original locomotion scheme, Figure 7A, with only rear actuators activated, the angle required to make a step was calculated to be 45°. In practice, this was successful and one roll was found to take 55.03 s with standard deviation of 1.04 s across 3 trials.

The most time efficient control plan for activating the front actuators was at θ = 15°, decreasing the total time taken to roll to 51.70 s. Activating the front actuators at an angle of 10° failed, resulting in lifting the front side of RUBIC upward instead of assisting the roll. Additionally, it was found that actuation of the front actuators at θ = 15° increased the total step length by 1.10% as listed in Table 1. This occurred due to the inflation of the front actuators generating both a turning force in the direction of travel and an upwards force that lifted the leading edge of the cube from the ground. This has the effect of shifting the point of turn beyond the edge of the cube, resulting in an extended step length. The trajectory of the leading edge in this scenario is shown in Figure 8B.



Table 1. Mean deviation of RUBIC from the central line after two full rotations (eight individual rolls) across five trials for the original locomotion scheme and for the alternative scheme.
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Figure 9 gives an example trajectory of RUBIC as it traversed along the central line. As can be seen, the deviation of RUBIC from the central line increases with each roll. The total deviation and distance traveled by RUBIC were measured and the mean results can be seen in Table 1. The results show that the alternative locomotion scheme, while being faster than the original scheme as previously discussed, also results in a smaller deviation of RUBIC from the central line as it travels. Not only this, but the overall distance traveled by RUBIC for the two rotations was 10 mm further than in the rear actuator case.

The deviation of RUBIC from the central line was 12.18% of the distance traveled for the original locomotion scheme and 7.92% for the alternative scheme. While the alternative locomotion scheme (front and rear actuators) is faster and more precise than the original locomotion scheme (rear actuators only), the results of this test show that there is uncertainty in the discretised space RUBIC can navigate. The further RUBIC travels, the greater the uncertainty of its final position. Observation of video recordings shows that much of this uncertainty is due to irregularities in the fabrication of the actuators, as actuators will inflate to different sizes at different rates depending on the thickness of the actuator walls. This will be elaborated on in the discussion.

RUBIC was successfully able to climb step sizes of up to 35 mm, but was not capable of climbing a 40 mm step. The failure of RUBIC to navigate the 40 mm step was due to the maximum expansion of the actuators. However, completion of a 35 mm step is over a third of RUBIC's height and future iterations of RUBIC can be scaled according to the demands of the environment. In addition, less dramatic terrains with slopes and bumps, rather than sharp corners and steps, may be less of a challenge for RUBIC.




5. DISCUSSION

In this paper, we have demonstrated RUBIC's ability to locomote on a flat surface and across uneven terrain. We have also characterized the fluidic elastomer actuators and provided two differing locomoting patterns for RUBIC.

For the alternative locomotion scheme, an angle of 26.6° was calculated to be the optimal angle for actuation of the front actuators as illustrated in Figure 7B. However, in practice, the optimal angle was 15° which reduced the time per roll by 3.33 s. Two reasons are presented for this discrepancy between the theoretical and practical optimal angle. Firstly, when the front actuators are activated there is a short delay while they inflate before they touch the ground and provide active assistance. During this time, RUBIC continues to rotate and, therefore, the angle at which the front actuators are providing assistance is greater than the angle at which they are initially activated. Secondly, the theory does not take into consideration the added torque of the actuators inflating and pushing against each other. When the front actuators inflate they are enclosed by RUBIC and the inflated rear actuators, and so inflation generates a force against both. This force against the rear actuators would add to the torque acting to roll RUBIC.

Deviation from a straight line path while locomoting was also reduced with the alternative locomotion scheme, as shown in Table 1. The angle of deviation was reduced by 2.51° for two complete rotations (i.e., 8 individual rolls), resulting in a linear deviation of 7.92% of the distance traveled. In addition, the distance traveled was increased with the alternative scheme by 1.10% for two complete rotations. The reason for this being that the turning point is shifted forwards (in the direction of travel) during actuation, as actuating the front actuators raises the leading edge (previously the pivot point) of the robot from the ground as illustrated in Figure 8B.

We initially proposed the alternative locomotion scheme to improve RUBIC's locomotion speed. Though testing shows that only 3.33 s are saved per roll, a 6% improvement, the alternative locomotion scheme offers other benefits, such as stair climbing, as well. While discrete movement in space is beneficial for route planning and allowing for prediction of motion, there may be instances when RUBIC becomes stuck, or unable to take a full step in a specific direction and needs to locomote away from its grid path. An instance of this could be if RUBIC is moving within a narrow corridor and its movement grid is misaligned, such that operating in a straight line would result in hitting either wall. In this instance, it would be beneficial to be able to realign RUBIC's locomotion grid, such that RUBIC can then navigate the corridor. Alternating between the alternative locomotion scheme and the original locomotion scheme provides one such method for realigning RUBIC's grid space, as each locomotion scheme has a different step length. This means that small adjustments can be made to RUBIC's locomotion to allow for such difficulties.

One of the major drawbacks in this iteration of RUBIC is the pairing of actuators. Due to the coupling of actuators to a single valve, if the power of the pumps is insufficient, the top, unloaded actuators inflate first until they reach the back pressure of the pumps (i.e., when the pressure in the actuator is equal to the pressure from the pumps) only after which the bottom loaded actuators will start to be inflated. The redundant actuation of the top actuators slows the speed down. Actuating a single actuator at a time, rather than two simultaneously as seen in RUBIC, significantly reduced inflation times and would, therefore, increase locomotion speed. However, due to limited internal space, a larger pump or more valves (to allow one valve per actuator) was not practical in this iteration of RUBIC. Future work will address this issue.

The biggest factor that limits the accuracy of the robot is irregularities in the fabrication of the actuators. Slight deviations in actuator wall thickness result in differences in inflation rate and maximum inflation diameter. As a consequence, the actuators rolling RUBIC are slightly imbalanced causing a tilt that sends RUBIC slightly off course as it rolls. This will be improved in future by refining the actuator fabrication method, ensuring precision and consistency. As a result, this deviation will be minimized and uncertainty in path following reduced.

Scalability of RUBIC is of interest for its suitability in applications that may require a smaller robot to navigate intricate environments, or a larger robot to overcome obstacles in a specific terrain. From the calculations approximating the actuator volume required for locomotion (see section 2 or Supplementary Material), we can calculate the actuator volume required for different length scales of RUBIC. This approximation gives a cubic increase in volume for a linear increase in side length. Therefore, doubling the side length of RUBIC to 0.2 m results in an 8-fold increase in actuator volume required to locomote and tripling side length to 0.3 m corresponds to a 27-fold increase in actuator volume required. If we assume a constant flow rate to the actuators this results in a cubic increase in time taken to actuate, significantly reducing locomotion speed. To increase the size of RUBIC, higher capacity pumps would be necessary to maintain performance. Reducing the size of RUBIC does not have this problem, but requires smaller valves, pumps and electronics to physically fit into the structure. These factors are limitations to the scalability of RUBIC.

In this paper, we demonstrate RUBIC, a robot with soft actuators that locomotes by rolling. The novelty of RUBIC compared with other rolling robots, such as Li et al. (2018), is that its path can be predicted, as it moves along a quantized Cartesian grid. To simplify the control mechanism, future iterations of the robot will include an Inertial Measurement Unit (IMU) so that the robot can self-sense which face is to the ground. The GUI would then indicate which face should be actuated, allowing for operation of the robot without line of sight and, ultimately, fully autonomous operation. Although many improvements can still be made, the current design of RUBIC is able to locomote untethered and across terrain that undulates by up to 35% of RUBIC's height. These are ideal properties for robots working in unstable structures, environmental monitoring and other challenging environments. Unlike other soft, rolling robots mentioned within the introduction, RUBIC is inherently stable on all of its faces and able to translate its environment to a grid space. As such, we propose future applications in environmental sampling, localization and ad hoc network infrastructure, or as a foundation for larger robots and structures. Future work will also explore miniaturizing the internal components and utilizing recent soft pumps and valves (Rothemund et al., 2018; Cao et al., 2019; Mahon et al., 2019) to allow for fully collapsible, untethered robots that can be readily deployed.
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Steady state error (rad)

(10-90%) Rise time (s)

% Overshoot

ci c2 c3 c4 c1 c2 c3 c4 c1 c2 c3 c4

uq 0.029 0.032 0.030 0.030 5.04 4.38 238 219 5.50 6.29 4.48 4.91

vy 0.046 0.046 0.020 0.020 10.2 722 3.60 3.41 36.4 35.8 321 349

U 0.157 0.112 0.079 0.019 3.77 383 221 211 175 14.7 139 1.5

vo 0.124 0.074 0.047 0.012 15 9.94 7.00 5.68 18.7 228 6.1 10.4

ug. 0.048 0.008 0.024 0.010 6.61 419 1.77 1.82 12.1 12.8 Az 8.22

v3 0.086 0.033 0.038 0.019 7.61 4.84 0.71 0.56 298 281 33.0 313

Total Average 0.0816 0.051 0.040 0.018 7.46 5.74 294 263 200 20.1 16.8 16.9

In cases where 90% of steady state was not reached, a full 20 s was counted for that step. In cases where there was not overshoot, it was counted as 0% for that step.
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Non-linear DNN prediction error

Max Mean Std. Dev.
Velocity error (rad/s) 1.0721 —0.000003 0.0237
Position error (rad) 0.3736 -0.0012 0.0223

Error is reported s the difference between the non-linear DNN model prediction and the
non-linear simulation used to train the arm.
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k 00077 00921 05263

All parameters for robot A have been extracted from the robot presented in Sadeghiet al.
(2017), Del Dottore et al. (2018c). Time of deposition 4t the growth velocity g, the robot
‘head radius ry and the curvature radius Re of robot B have been extracted from (Kayser
et al, 2019), in which the robot was able to buid 6.25cm of structure in 8.7 min. From
Havtkes et al. (2017) we extracted robot head dimension ry and the growth velocity g
for robot C. At has been obtained assuming to have 1 latch every 1cm and altemated
on opposite sides of the robot (on the same side, 2 consecutive latches have a distance
of 2cm). When pressurized, a latch releases 2cm of material. Thus, for  single step of
bending, robot C will have hy = 1 cm of material on one side and hz = 3 cm on the
opposite side. In this case we evaluated Re = e pithz At = 21302 1 and ¢ = bazhs
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16Rc

0.0160 + 0.0079
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0.0045 + 0.0026
0.0459 % 0.0243
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Robot A

Robot At
Robot A2
Robot A3
Robot A4
Robot A5
Robot A6
Robot A7
Robot A8

At(s)

18
18
0.18
18
18
0.18
18
18
0.18

g (em/s)

0.0043
0.0430
0.4300
0.0043
0.0430
0.4300
0.0043
0.0430
0.4300

Re (em)

10
10
10
30
30
30
3.33
3.33
333

# (radrs)

0.0004
0.0043
0.0430
0.0001
0.0014
0.0143
0.0013
0.0129
0.1290

k

0.0077
0.0077
0.0077
0.0026
0.0026
0.0026
0.0232
0.0232
0.0232

At represents the minimum time required by the robot for the minimum atomic step of
growth. k is then defined as %21, All parameers for robot A have been extracted from
the robot presented in Sadeghi et al. (2017); Del Dottore et al. (2018¢).
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Locomotion scheme Mean deviation (mm) Mean distance (mm) Mean angle () SD of angle (°)

Original: rear actuator only 110.8 900.7 7.00 324
Alternative: front actuators activated at 15° 728 919.7 4.58 278

Angle calculated from deviation and total distance travelled.





OPS/images/frobt-06-00026/frobt-06-00026-g002.gif





OPS/images/frobt-06-00045/inline_31.gif





OPS/images/frobt-06-00026/frobt-06-00026-g001.gif
® Softmanipulator  —





OPS/images/frobt-06-00045/inline_30.gif





OPS/images/frobt-06-00026/crossmark.jpg
©

2

i

|





OPS/images/frobt-06-00045/inline_3.gif





OPS/images/frobt-06-00022/math_9.gif
(9)





OPS/images/frobt-06-00045/inline_29.gif





OPS/images/frobt-06-00022/math_8.gif





OPS/images/frobt-06-00045/inline_28.gif





OPS/images/frobt-06-00022/math_7.gif
Xp+1 = Agxi; + Byju +wy.





OPS/images/frobt-06-00045/inline_27.gif





OPS/images/frobt-06-00022/math_6.gif





OPS/images/frobt-06-00045/inline_26.gif





OPS/images/frobt-06-00022/math_5.gif





OPS/images/frobt-06-00045/inline_25.gif





OPS/images/frobt-06-00022/math_4.gif
—a o o
A= [»r'xm M=) W'Km.] @
0 1 0





OPS/images/frobt-06-00045/inline_24.gif





OPS/images/frobt-06-00045/inline_23.gif





OPS/images/frobt-06-00026/frobt-06-00026-g003.gif





OPS/images/frobt-06-00045/inline_21.gif





OPS/images/frobt-06-00045/inline_20.gif





OPS/images/frobt-06-00045/inline_2.gif





OPS/images/frobt-06-00045/inline_19.gif





OPS/images/frobt-06-00045/inline_18.gif





OPS/images/frobt-06-00045/inline_17.gif





OPS/images/frobt-06-00045/inline_16.gif
B

x5, z]





OPS/images/frobt-06-00045/inline_15.gif
B=[xy,zT





OPS/images/frobt-06-00045/inline_14.gif





OPS/images/cover.jpg





OPS/images/frobt-06-00045/inline_22.gif





OPS/images/frobt-06-00026/math_7.gif





OPS/images/frobt-06-00026/math_6.gif





OPS/images/frobt-06-00045/inline_5.gif





OPS/images/frobt-06-00026/math_5.gif





OPS/images/frobt-06-00045/inline_49.gif





OPS/images/frobt-06-00026/math_4.gif
K = K1





OPS/images/frobt-06-00045/inline_48.gif





OPS/images/frobt-06-00026/math_3.gif
@)





OPS/images/frobt-06-00045/inline_47.gif





OPS/images/frobt-06-00026/math_2.gif
¢ = tan~

2 +hs — 2l
V3l — 13)

)

@





OPS/images/frobt-06-00045/inline_46.gif





OPS/images/frobt-06-00026/math_15.gif
+ Penvironment €N





OPS/images/frobt-06-00045/inline_45.gif





OPS/images/frobt-06-00026/math_14.gif
(14)

—2rsinf; — =





OPS/images/frobt-06-00045/inline_44.gif
e, &, "





OPS/images/frobt-06-00026/math_13.gif
=r1-cosgr - (1—coséh) 13)






OPS/images/frobt-06-00045/inline_43.gif





OPS/images/frobt-06-00026/math_12.gif
— dsing)when: < 1 <
I rdeso )wﬁm‘isn
1~ deos (g + 2)] when's <0

<momze <%

(12)






OPS/images/frobt-06-00045/inline_42.gif





OPS/images/frobt-06-00045/inline_41.gif
S8





OPS/images/frobt-06-00026/math_11.gif
an






OPS/images/frobt-06-00026/math_10.gif
(10)





OPS/images/frobt-06-00045/inline_40.gif





OPS/images/frobt-06-00026/math_1.gif
M +thatha)d

[©





OPS/images/frobt-06-00045/inline_4.gif
KesYerZerOos Vo)





OPS/images/frobt-06-00026/frobt-06-00026-g010.gif





OPS/images/frobt-06-00045/inline_39.gif
[ a,]"





OPS/images/frobt-06-00026/frobt-06-00026-g009.gif
+{ rov

i -
— ineTS et | e Contatr sm..iw.
Opeator s
[ ey =
Interface Ameras
Tndermce

robostem,






OPS/images/frobt-06-00045/inline_38.gif





OPS/images/frobt-06-00026/frobt-06-00026-g008.gif
[—=Desietrn ] % 20
[PEsewe Iy puey
B | “roces
fw
fe

. Tnes
] 1
PSrorel g parwery
=
¢
H
H

Time )






OPS/images/frobt-06-00045/inline_37.gif





OPS/images/frobt-06-00026/frobt-06-00026-g007.gif





OPS/images/frobt-06-00045/inline_36.gif





OPS/images/frobt-06-00026/frobt-06-00026-g006.gif
5(
R
Y
Pl
52

.

AR
d (mm)






OPS/images/frobt-06-00045/inline_35.gif





OPS/images/frobt-06-00026/frobt-06-00026-g005.gif





OPS/images/frobt-06-00045/inline_34.gif





OPS/images/frobt-06-00026/frobt-06-00026-g004.gif
4

Pressure (kPa)





OPS/images/frobt-06-00045/inline_33.gif





OPS/images/frobt-06-00045/inline_32.gif





OPS/images/frobt-05-00137/frobt-05-00137-t002.jpg
Number of layers n 2 4 6 8

Prmax (mW) 64.49 8838 186.6 209.1
Prmax/Pmax(n = 2) 100% 137% 289% 324%
Mass-specific power (mW/g) 13435 9206 12958 10891





OPS/images/frobt-05-00137/frobt-05-00137-t003.jpg
Parameter

Ly

L2

L3

L

Luing

Myjing

AR

Value

13mm

13mm

8mm

4mm

85mm

18mm

5mm

40mm

0.14g





OPS/images/frobt-05-00137/inline_1.gif





OPS/images/frobt-05-00137/frobt-05-00137-g011.gif
E:

Flapping stroke (deg)
2 8

~Noving

201 --ingfame only

~ Fuituing )

" 0 2w w0 W

Froquency (Hz)





OPS/images/frobt-05-00137/frobt-05-00137-g012.gif





OPS/images/frobt-05-00137/frobt-05-00137-g013.gif





OPS/images/frobt-05-00137/frobt-05-00137-t001.jpg
K (N/m)
Mig)

d (mm)

fo predicted (Hz)
fo measured (Hz)
Relative error of fo

DEA 1

63.5
0.603
-1
518
52
0.39%

DEA 2

63.5
1.26
88
36.7
37
3.64%

DEA3

635
2538
9.35
252
26
1.98%

DEA 4

414
1.26
10.85
288
28
29%

DEA 5

127
1.26
8.12
50.5

51
0.98%





OPS/images/frobt-05-00137/frobt-05-00137-g008.gif





OPS/images/frobt-05-00137/frobt-05-00137-g009.gif





OPS/images/frobt-05-00137/frobt-05-00137-g010.gif





OPS/images/frobt-06-00030/math_1.gif
[





OPS/images/frobt-06-00030/inline_2.gif





OPS/images/frobt-06-00045/inline_68.gif





OPS/images/frobt-06-00030/inline_1.gif





OPS/images/frobt-06-00045/inline_67.gif





OPS/images/frobt-06-00030/frobt-06-00030-g014.gif





OPS/images/frobt-06-00045/inline_66.gif





OPS/images/frobt-06-00030/frobt-06-00030-g013.gif





OPS/images/frobt-06-00045/inline_65.gif





OPS/images/frobt-06-00030/frobt-06-00030-g012.gif
—Hosrnty st — Vet s — e

U —

Time 6)





OPS/images/frobt-06-00045/inline_64.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		CURRENT ADVANCES IN SOFT ROBOTICS: BEST PAPERS FROM ROBOSOFT 2018



		Editorial: Current Advances in Soft Robotics: Best Papers From RoboSoft 2018



		Author Contributions



		Funding



		Acknowledgments









		Toward a Dielectric Elastomer Resonator Driven Flapping Wing Micro Air Vehicle



		Introduction



		Double Cone Linear DEA Design



		Design Overview



		Actuator Material Characterization



		Double Cone DEA Model









		Power Output of the Double Cone DEA



		Mechanical Power Output Against Excitation Frequency



		Experiment and Results









		Flapping Wing MAV Design



		Design Overview



		Flapping Tests and Results



		Discussion









		Conclusion



		Data Availability Statement



		Author Contributions



		Acknowledgments



		Supplementary Material



		References









		A Deformable Motor Driven by Dielectric Elastomer Actuators and Flexible Mechanisms



		Introduction



		Mechanism



		DEA Activation



		Rotation and Deformation of the Motor









		Fabrication



		Deformable Motor



		Controller









		Experiments



		Visualization of the Internal Stress Distribution



		Mechanical Characteristics of the Deformable Motor









		Conclusion



		Author contributions



		Funding



		Acknowledgments



		Supplementary Material



		References









		Toward a Variable Stiffness Surgical Manipulator Based on Fiber Jamming Transition



		Introduction



		Materials and Methods



		Re-design of the Module



		Fiber Selection



		Manufacturing



		Experimental Set-Up and Protocol









		Results and Discussion



		Variable Stiffness at Rest Position



		Variable Stiffness in Bent Configuration



		Workspace



		Shape Locking Capability



		Overall Comparison









		Conclusion and Future Work



		Author Contributions



		References









		Model-Based Control of Soft Actuators Using Learned Non-linear Discrete-Time Models



		1. Introduction



		2. Materials and Methods



		2.1. Related Work



		2.2. Robot Platform Description



		2.3. Development of Dynamic Models



		2.4. Model Predictive Control Development









		3. Results



		4. Discussion of Results, Future Work, and Conclusions



		Author Contributions



		Acknowledgments



		References









		An Opposite-Bending-and-Extension Soft Robotic Manipulator for Delicate Grasping in Shallow Water



		Introduction



		Materials and Methods



		System Overview



		The Underwater Soft Manipulator



		Kinematics Modeling



		Actuation and Control



		Laboratory Experiments Setup for Characterizing the Underwater Soft Manipulator









		Results



		Kinematic Model Validation, Trajectory Planning, and Workspace Simulation



		Field Test of Underwater Grasping









		Conclusion and Discussion



		Author Contributions



		Funding



		Acknowledgments



		References









		Design Considerations for 3D Printed, Soft, Multimaterial Resistive Sensors for Soft Robotics



		1. Introduction



		2. Materials and Methods



		2.1. Design and Fabrication of the Resistive Sensors



		2.2. Removal of Support Material



		2.3. Mechanical Strain Relief



		2.4. Experimental Setup for Measurement and Characterization



		2.5. Removal of Water Content by Desiccation



		2.6. Preferential Strain Response of the Multi-Dimensional Sensor



		2.7. Model of Strain Response



		2.8. Model of Pressure Response









		3. Results and Discussion



		3.1. Characterization of the Dependence of Conductivity on Orientation of 3D Print



		3.2. Characterization of the Dependence of Conductivity on Removal of Support Material



		3.3. Characterization of the Dependence of Conductivity on Contact Resistance



		3.4. Characterization of the Dependence of Conductivity on Water Content



		3.5. Comparison Between Model and Experimental Data



		3.6. Multimodal Sensitivity



		3.7. 3D Printed Soft Gripper With Embedded Sensors









		4. Conclusions and Future Work



		Author Contributions



		Funding



		Acknowledgments



		References









		PolyJet-Printed Bellows Actuators: Design, Structural Optimization, and Experimental Investigation



		Introduction



		Design



		Finite Elements Analysis



		Preliminary Considerations



		Geometry Representation



		Material Model









		Experimental Verification



		Optimization of Bellows Geometry



		Bellows Optimization Problem



		Optimization Results and Verification









		Endurance Run



		Investigating Relaxation in PolyJet Bellows Actuators



		Motivation for Investigating the Relaxation in PolyJet Bellows Actuators



		Redesign of Bellows Actuators for Relaxation Testing



		Experimental Setup and Relaxation Testing Procedure



		Results and Interpretation









		Conclusion



		Author Contributions



		Acknowledgments



		References









		Evaluation of 3D Printed Soft Robots in Radiation Environments and Comparison With Molded Counterparts



		Introduction



		3D Printing of Silicone Material



		Print Material



		Extruder Mechanism



		Print Parameters and Limitations









		Materials and Methods



		Mechanical Testing of Gamma-Induced PDMS Samples



		Selecting Radiation Environments for Soft Robot Operation



		Measuring the Irradiation Dose of the Hexapus Robot in the Bulk Shield Tank



		Measuring the Performance of the 3D Printed and Molded Soft Robots



		Measuring the Effects of Fabrication Methods, Nozzle Size, and Print Direction









		Results and Discussion



		Changes in the Mechanical Properties of PDMS After Gamma Irradiation



		Viability of Soft Robots Under Selected Radiation Environments



		Operation Time Estimation and Absorbed Gamma Dose Rate of 3D Printed Hexapus Robot Under Radiation



		Robot Performance Comparison: 3D Printed vs. Molded



		Effects of Fabrication Methods, Nozzle Size, and Print Direction on the Stiffness of PDMS Material









		Conclusion



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		Footnotes



		References









		Characterization of the Growing From the Tip as Robot Locomotion Strategy



		Introduction



		Methods



		Kinematics of Growing Robots



		Path Planning









		Results



		Model Evaluation Over Different Distances of the Target Configuration



		Contribution of Noise to the Model Error



		Effects of Robot Parameters Variation: Dimensions and Velocity









		Discussions



		Conclusions



		Author Contributions



		Funding



		Supplementary Material



		References









		RUBIC: An Untethered Soft Robot With Discrete Path Following



		1. Introduction



		2. Robot Design



		2.1. Robot Fabrication



		2.2. Principle of Operation









		3. Actuator Characterization



		3.1. Method



		3.2. Results









		4. Locomotion Characterization



		4.1. Analysis of Locomotion Schemes









		5. Discussion



		Data Availability



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References























OPS/images/frobt-06-00030/frobt-06-00030-g011.gif
Sin 79

Pressuce (Po)






OPS/images/frobt-06-00045/inline_63.gif





OPS/images/frobt-06-00030/frobt-06-00030-g010.gif
PPy






OPS/images/frobt-06-00045/inline_62.gif





OPS/images/frobt-06-00030/frobt-06-00030-g009.gif





OPS/images/frobt-06-00045/inline_61.gif





OPS/images/frobt-06-00030/frobt-06-00030-g008.gif





OPS/images/frobt-06-00045/inline_60.gif





OPS/images/frobt-06-00045/inline_6.gif





OPS/images/frobt-05-00137/frobt-05-00137-g002.gif





OPS/images/frobt-05-00137/frobt-05-00137-g003.gif





OPS/images/frobt-05-00137/crossmark.jpg
©

2

i

|





OPS/images/frobt-05-00137/frobt-05-00137-g001.gif
@ @





OPS/images/frobt-05-00137/frobt-05-00137-g006.gif
DEA

Load cell

Linear
rail





OPS/images/frobt-05-00137/frobt-05-00137-g007.gif





OPS/images/frobt-05-00137/frobt-05-00137-g004.gif





OPS/images/frobt-05-00137/frobt-05-00137-g005.gif
True stress (Pa)

10210°

Expormenti esut
‘Ogaen moci i

T2 14 16
‘Strain (-)






OPS/images/frobt-07-00056/crossmark.jpg
©

2

i

|





OPS/images/frobt-06-00030/frobt-06-00030-g007.gif





OPS/images/frobt-06-00030/frobt-06-00030-g006.gif
Impact of oricatation of print o resistance (in kA2)

x

pr——
Ea——.
o e .
HESS
o





OPS/images/frobt-06-00045/inline_59.gif





OPS/images/frobt-06-00030/frobt-06-00030-g005.gif
¥ clagp of the mechenical test machine

LeR meter

dlctodes

ok ol 3D
pinid msteria

LCRmter






OPS/images/frobt-06-00045/inline_58.gif
3
=2+
S7+e





OPS/images/frobt-06-00030/frobt-06-00030-g004.gif





OPS/images/frobt-06-00045/inline_57.gif





OPS/images/frobt-06-00030/frobt-06-00030-g003.gif
A ncaly pised ® mochanical removal of support € washed wilh DI water and dricd

mate soport i 0uidS)  id of siport i
il il ide) id il [rTr—






OPS/images/frobt-06-00045/inline_56.gif





OPS/images/frobt-06-00030/frobt-06-00030-g002.gif





OPS/images/frobt-06-00045/inline_55.gif





OPS/images/frobt-06-00030/frobt-06-00030-g001.gif





OPS/images/frobt-06-00045/inline_54.gif





OPS/images/frobt-06-00030/crossmark.jpg
©

2

i

|





OPS/images/frobt-06-00045/inline_53.gif





OPS/images/frobt-06-00026/math_9.gif
1000
0100
0011
0001

©)





OPS/images/frobt-06-00045/inline_52.gif





OPS/images/frobt-06-00026/math_8.gif
cos"gjcosb + sin"g; cosg;sing; (cosf; — 1) cosgisinf; rcosg; (1 — cosb;)

i p_[Re() 0] TRy(6) 0] [Re(—¢) 0] _ | cosgisingi(cosbi—1) simpicosti+codgs singisinf; rsing; (1 — costi)
Sl 01 o1 —cosgisin6; —sing;sin; cost; rsind;
0 0 0 1

(8)





OPS/images/frobt-06-00045/inline_51.gif





OPS/images/frobt-06-00045/inline_50.gif





OPS/images/frobt-06-00034/frobt-06-00034-g014.gif





OPS/images/frobt-06-00034/frobt-06-00034-g013.gif





OPS/images/frobt-06-00045/math_19.gif





OPS/images/frobt-06-00034/frobt-06-00034-g012.gif
| ol =

1919

%





OPS/images/frobt-06-00045/math_18.gif
as)






OPS/images/frobt-06-00034/frobt-06-00034-g011.gif





OPS/images/frobt-06-00045/math_17.gif
17)





OPS/images/frobt-06-00034/frobt-06-00034-g010.gif





OPS/images/frobt-06-00045/math_16.gif
M P =
B,





OPS/images/frobt-06-00034/frobt-06-00034-g009.gif
e

v

e

v
M L0601 19802 1 1068 10808
(s o






OPS/images/frobt-06-00045/math_15.gif
M. 'P.= A, (15)





OPS/images/frobt-06-00034/frobt-06-00034-g008.gif





OPS/images/frobt-06-00045/math_14.gif
(14)






OPS/images/frobt-06-00034/frobt-06-00034-g007.gif





OPS/images/frobt-06-00045/math_13.gif





OPS/images/frobt-06-00034/frobt-06-00034-g006.gif
LE, Max. Principal
(Avg: 75%)

064

0%

033

038

0

031
016
o1
005
000





OPS/images/frobt-06-00045/math_12.gif





OPS/images/frobt-06-00034/frobt-06-00034-g005.gif
 (Optimioes) r_ 1]

e e

i

e e






OPS/images/frobt-06-00045/math_11.gif
Se B
1P — Psll»

an





OPS/images/frobt-06-00045/math_10.gif
(10)





OPS/images/frobt-06-00001/math_1.gif
L ) (V ]
).

m





OPS/images/frobt-06-00045/math_2.gif
IR iy +piz (2)





OPS/images/frobt-06-00001/math_2.gif
@






OPS/images/frobt-06-00001/math_3.gif





OPS/images/frobt-06-00012/crossmark.jpg
©

2

i

|





OPS/images/frobt-06-00001/frobt-06-00001-g010.gif
BHII

‘Torque|mNm]

speed(rpm| ©
AR

i
z

‘Torque|mNm]
B






OPS/images/frobt-06-00001/frobt-06-00001-g011.gif
Onedivectional state  Verticaldirect






OPS/images/frobt-06-00001/frobt-06-00001-t001.jpg
One-directional
Vertical
Horizontal

AVE

0.031

Strain 0 [mN m]
(Original state)

MAX

0.038

Strain 0.09 [mN m]

MIN AVE MAX MIN
0.026 0.021 0.021 0.021
0.004 0.009 0.000

0.026 0.029 0.021

Strain 0.15 [mN m]

AVE MAX MIN
0.009 0.014 0.004
0.021 0.026 0.014





OPS/images/frobt-06-00001/frobt-06-00001-t002.jpg
One-directional
Vertical
Horizontal

AVE

19.0

Strain 0 [rpm]
(Original state)

MAX

214

MIN AVE
16.7 143
44

162

Strain 0.09 [rpm]

MAX

16.0
88
18.8

MIN

13.6
0.0
13.6

AVE

9.9

170

Strain 0.15 [rpm]

MAX

1.5

214

MIN

83

125





OPS/images/frobt-06-00001/frobt-06-00001-g008.gif
Frame

Originalsate

Horizontal-directional state





OPS/images/frobt-06-00001/frobt-06-00001-g009.gif
Deformable motor -Wire Pulley






OPS/images/frobt-06-00034/frobt-06-00034-g004.gif





OPS/images/frobt-06-00034/frobt-06-00034-g003.gif





OPS/images/frobt-06-00045/math_1.gif
[©





OPS/images/frobt-06-00034/frobt-06-00034-g002.gif
W[5 s
s [

o« [ us [ ws






OPS/images/frobt-06-00045/inline_9.gif





OPS/images/frobt-06-00034/frobt-06-00034-g001.gif





OPS/images/frobt-06-00045/inline_8.gif
V=%, 50.6,)





OPS/images/frobt-06-00034/crossmark.jpg
©

2

i

|





OPS/images/frobt-06-00045/inline_74.gif





OPS/images/frobt-06-00030/math_6.gif
— = Sqmain€- ek

R [Ty

AR ' o
Ro P | 701 — v2)wP/(Eh)

©





OPS/images/frobt-06-00045/inline_73.gif
EIEY





OPS/images/frobt-06-00030/math_5.gif
h
_ 5)
ST ! ®)






OPS/images/frobt-06-00045/inline_72.gif





OPS/images/frobt-06-00030/math_4.gif
@






OPS/images/frobt-06-00045/inline_71.gif





OPS/images/frobt-06-00030/math_3.gif
)





OPS/images/frobt-06-00045/inline_70.gif





OPS/images/frobt-06-00030/math_2.gif
—%o
L+AL
vt Awh+ AR

Lo

&)





OPS/images/frobt-06-00045/inline_7.gif
Yo={x,.9,.8,»





OPS/images/back-cover.jpg
Advantages
of publishing
in Frontiers

open access.
s roetoress

o ety
ressenns.

=}

.mmmmf
1005 Lnsarne Stz

Vistus s ontersinorg

Comtactus: mfoairontersmerg | +41215101700.

ResRopucILITYOF
RESEARCi.
Suppon spen s
ond e 1o emnce.
e ooy

oL pusUsHmG.
e dspea
o

=

rouowus.
oronen

L

o
e
aniesre






OPS/images/frobt-06-00045/inline_69.gif





OPS/images/frobt-06-00012/frobt-06-00012-g008.gif





OPS/images/frobt-06-00012/frobt-06-00012-g009.gif





OPS/images/frobt-06-00012/frobt-06-00012-t001.jpg
Fiber material Surface finishing Design approach Pressure Force max. Stiffness variation
(bar) (N) (Fmax jammed/Fmax unjammed)
(%)
PTFE Very smooth BT 1.01825 533 £0.16 +93 £ 13
01 10.26 +0.39
cT 1.01825 589£07 +108+27
01 12.06 + 0.12
PVC Smooth BT 1.01325 2.75 £0.07 +180.5 £ 105
01 7.70 £ 0.09
ot 1.01825 2924008 +2165£ 145
01 9.24 £0.17
Nylon Very smooth BT 1.01325 801£0.15 +185+ 12
0.1 18.79 £ 0.61
ot 101325 19.07 £ 1.59 +43 £ 19
0.1 26.96 + 1.2
Siicone Rough BT 1.01825 425 £0.11 +89+8
01 801013
o1 1.01325 255 +£0.35 +205 + 44
o1 7.63 £ 006
101325 2,65 £0.11 +254 20

cT

0.1

1.01325

0.1
1.01326
0.1

9.36 +0.13

3.54 £0.13
6.35 +0.28
3.86 +0.07
15.00 £ 0.76

+79.5+ 145

+291.5£26.5

T - Comb Type).





OPS/images/frobt-06-00012/frobt-06-00012-g004.gif
_éaﬂlg






OPS/images/frobt-06-00012/frobt-06-00012-g005.gif





OPS/images/frobt-06-00012/frobt-06-00012-g006.gif





OPS/images/frobt-06-00012/frobt-06-00012-g007.gif





OPS/images/frobt-06-00012/frobt-06-00012-g001.gif
Rig

—

(v e
St ot






OPS/images/frobt-06-00012/frobt-06-00012-g002.gif





OPS/images/frobt-06-00012/frobt-06-00012-g003.gif





OPS/images/frobt-06-00040/frobt-06-00040-g011.gif





OPS/images/frobt-06-00040/frobt-06-00040-g010.gif





OPS/images/frobt-06-00040/frobt-06-00040-g009.gif
o, "
A /././//_// &

Jis
NiSapis
e y

i

Jscdgra

Use

ks
bri
clor
refc






OPS/images/frobt-06-00040/frobt-06-00040-g008.gif





OPS/images/frobt-06-00040/frobt-06-00040-g007.gif





OPS/images/frobt-05-00137/math_3.gif
(&)





OPS/images/frobt-06-00040/frobt-06-00040-g006.gif
J—

P

Lotn i

s 459






OPS/images/frobt-05-00137/math_4.gif
2 Roysinf = F, @
Mra





OPS/images/frobt-06-00040/frobt-06-00040-g005.gif





OPS/images/frobt-06-00040/frobt-06-00040-g004.gif





OPS/images/frobt-06-00040/frobt-06-00040-g003.gif





OPS/images/frobt-05-00137/inline_6.gif





OPS/images/frobt-06-00040/frobt-06-00040-t002.jpg
Nozzle size (nm)  Young's modulus (kPa)  Standard deviation (kPa)

0.417 160.8 6.5
0.839 147.0 1.5
1.019 965 5.1





OPS/images/frobt-05-00137/inline_7.gif
2,

e g






OPS/images/frobt-06-00040/frobt-06-00040-t001.jpg
Dragon Skin 10
product line and
fabrication method

Slow (molded)
Medium (molded)
Fast (molded)

Very fast (molded)

Very fast (3D printed-
crisscross—0.839 mm
nozzle)

Cure time? (h)

1.25
05
05

Young’s
modulus (kPa)

135.9
108.3
100.0
1289
147.0

Standard
deviation (kPa)

43
5.4
12.3
101
1.5





OPS/images/frobt-05-00137/math_1.gif
m





OPS/images/frobt-05-00137/math_2.gif
@





OPS/images/frobt-05-00137/inline_2.gif
4 =1.287x10° Pa





OPS/images/frobt-05-00137/inline_3.gif
1 =2.6%10* Pa





OPS/images/frobt-05-00137/inline_4.gif
5=






OPS/images/frobt-05-00137/inline_5.gif
5=






OPS/images/frobt-06-00040/frobt-06-00040-g001.gif





OPS/images/frobt-06-00040/crossmark.jpg
©

2

i

|





OPS/images/frobt-06-00045/math_28.gif
£y = |Vt — Vel » (28)





OPS/images/frobt-06-00034/math_7.gif
min {min {Qtgy, 2)|gltp, ) < 0}f.





OPS/images/frobt-06-00045/math_27.gif





OPS/images/frobt-06-00034/math_6.gif
Inr 4 t, d Ap]t





OPS/images/frobt-06-00045/math_26.gif
- Pell2

(26)





OPS/images/frobt-06-00034/math_5.gif





OPS/images/frobt-06-00045/math_25.gif
(23)





OPS/images/frobt-06-00034/math_4.gif
Q: (x) = (&5 max(*)—Emax)”".

(4)





OPS/images/frobt-06-00045/math_24.gif
24






OPS/images/frobt-06-00001/frobt-06-00001-g007.gif





OPS/images/frobt-06-00034/math_3.gif
-
=Colh-H+Cath-H+350a=1. O
-





OPS/images/frobt-06-00045/math_23.gif
23)






OPS/images/frobt-06-00034/math_2.gif
U= 3 G- -3+ Y a1 @






OPS/images/frobt-06-00045/math_22.gif
2)






OPS/images/frobt-06-00034/math_1.gif
— F

(1)





OPS/images/frobt-06-00045/math_21.gif





OPS/images/frobt-06-00034/frobt-06-00034-t001.jpg
Nr.

BN =

Test 1

Pressurization
Pressurization
Deflection
Deflection

Test2

Pressurization
Pressurization
Deflection
Deflection

Test3

Deflection
Deflection
Pressurization
Pressurization

Testd

Deflection
Deflection
Pressurization
Pressurization





OPS/images/frobt-06-00045/math_20.gif
M, 'P.
(20)





OPS/images/frobt-06-00001/frobt-06-00001-g003.gif
Bearing1 urmg o

Eccentric body Hub-ring Thin frame

@éiﬁ:ﬁ;,
PR )






OPS/images/frobt-06-00040/frobt-06-00040-g002.gif





OPS/images/frobt-06-00001/frobt-06-00001-g004.gif
a  Deformable mechanism






OPS/images/frobt-06-00001/frobt-06-00001-g005.gif





OPS/images/frobt-06-00001/frobt-06-00001-g006.gif
ced polarization-
indging amers
 Detormabie
Green

TED
Basc

ooom g 30w





OPS/images/frobt-05-00137/math_6.gif
©)





OPS/images/frobt-06-00001/crossmark.jpg
©

2

i

|





OPS/images/frobt-06-00001/frobt-06-00001-g001.gif
Rotating & Deformable
NS
. il

b k. //‘;;\





OPS/images/frobt-06-00001/frobt-06-00001-g002.gif





OPS/images/frobt-05-00137/math_5.gif
o =1 ((m"' -

12 ((A.)‘“

(O m)"')

©
1

T2 002

)

®)





