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Abstract—Soft robots have shown great potential for manufac-
turing exoskeletons, prostheses, and surgical robots. In this paper,
we propose the concept of programmable soft robotics and will
experimentally evaluate the performance in the context of contin-
uum mechanisms. The proposed novel concept is motivated by the
mechanical shape of RNA molecules which has a single-stranded
polymeric molecule with a sugar-phosphate backbone and nitroge-
nous bases. The shape of the RNA and the type, location, and
characteristics of the bases define the coded information. Due to
the complexity of RNA, the proposed robot cannot be considered a
“bio-inspired” design. Instead, we indirectly utilize the concept of
encoding sequences and introduce a new family of soft continuum
robotsbased onanoveldesignof 3Dprintable “mechanical library”
and “embedded functions” to be implemented on the backbone
structure formechanical programming. Through structural coding
of the bases, the paper proposed a wide range of continuum robots.
The system has the potential to be scaled up for multiple degrees of
freedom (DOF), while the dexterity and range can be structurally
programmed. A set of three soft continuum systems are designed,
simulated, manufactured. The performance is evaluated by com-
paring simulations and experiments. We observed that actuators
have different hysteresis ranging from 7.50% to 38.36% (on aver-
age) with a standard deviation ranging from 5.56% to 40.72%. The
results highlight the effect of inherent pneumatic delay causing the
hysteresis loops, which should be considered for control.

Index Terms—Exoskeletons, human-robot interaction, medical
robotics, rehabilitation robotics, soft robotics.

I. INTRODUCTION

SOFT robots have attracted a great deal of interest dueto their unique characteristics, i.e., flexibility, safety, and
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adaptability [1]–[3]. One of the most common uses of soft
actuators is rehabilitation robots [4] (in the format of soft ex-
oskeletons [5]) and prosthetic technologies (in the format of
soft bionic limbs [6]). Initial designs of soft robotic systems
were made based on multi-step silicon molding [7], combined
with some format of mechanical reinforcement such as fabrics
(examples can be found in [8]–[11], and references therein).
Although this method has shown high efficacy, the manufactur-
ing process can be time-consuming, require complex molding
and manual skills. Silicone molding is susceptible to a range
of defects caused by human intervention and can be limited
in terms of the achievable curvatures, DOF, and internal struc-
ture of the air chambers [12]. This would limit the scalability,
repeatability, and possibly the efficacy of the system due to
potential human errors during manufacturing [13]. Also, Silicon
casting can be challenging in creating complex geometries, as it
requires multi-phase fabrication processes “if realizable”. Also,
due to inconsistency and uncertainties during manual molding,
the accuracy of computational and analytical models will be
degraded [14]. This can challenge the control of soft robotic
systems during complex tasks. An alternative approach that has
recently been proposed is soft 3D printing, taking advantage of
advanced additivemanufacturing. Examples of 3D printable soft
robotic systems can be found in [15]–[19].
In this paper, we capitalize on a recent surge to use 3D printing
technologies and soft filament to generate soft robots. The
method will (a) reduce uncertainties of manufacturing, (b) allow
for generating complex internal geometries of air chambers,
(c) enable the use of computational modeling, and (d) realize
fast and accurate manufacturing and scaling. Thus, using 3D
printers, it is possible to realize a wide range of complex soft
mechanisms and extend the horizon of functionality for this
technology [20]–[27], [27]–[30], [30], [31], [31], [32].
In this paper, we propose a new family of 3D-printable soft
robots that allows for having multiple DOF, complex shapes,
high-compliance, low cost, and high force-to-weight ratio. This
actuator can be categorized as a multi-chambered multi-section
actuator [33]. The structural programming of the proposed
system is indirectly inspired by the polymetric structure of
ribonucleic acid (RNA). The mechanical structure of RNA
has a complex sugar-phosphate backbone connected to a va-
riety of nitrogenous “bases”. The particular complex molecular
structure and types of bases encode themessage and information
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to be carried. Here, for the first time, and motivated by the
mechanical architecture of RNA, we propose the programmable
3D printable soft robotic system, which can be coded using the
proposed mechanical library in a way that behaves as instructed
when activated. The proposed approach will introduce a new
generation of soft continuum robotic systems, the shapeofwhich
can be finely programmed and embedded in the memory of the
soft robot. In this paper, we introduce the main concept and
functionalities of this new family of soft robots. The paper will
show a variety of achievablememories for the shape of the robot.
Using computer models, this work evaluates the functionality in
experimental settings considering different shape capabilities,
DOF, and dexterities.
The main contribution is to design, fabricate, and experimen-

tally evaluate a new family of a 3D-printable soft robotic system,
using sequential mechanical coding, that allows for having
multiple DOF and several nonlinear shapes by implementing
a mechanical library and embedded mechanical code which can
be compiled by 3D Printing to generate a wide range of soft
actuators. The “programmable” feature of the proposed frame-
work allows us to generate various mechanisms by selectively
fusing the proposed codes from the proposedmechanical library.
The resulting actuator belongs to a wider class of soft robotic
systems that have recently attracted a great deal of interest [24],
[27], [27], [34]. In some literature, it is assumed that 3D Printing
reduces the time, and complexity of fabrication, in addition to
variability and susceptibility to human errors, when compared
with silicone casting [26]. However, it should also be noted
that the use of 3D Printing has some potential limitations and
challenges, which should be considered when designing 3D
printable soft actuators. Thus, it cannot be concluded that 3D
printable soft robots are to replace traditional silicon-based
robots. Several parameters should be considered, and the field
can benefit from bothmethods. The main focus of this paper is to
take a fundamental step ahead towards the systematic fabrication
ofMulti-DOF 3D printable soft actuators through the generation
of a new mechanical library and embedded codes. This paper
enables the development of a wide range of actuators using 3D
printing technology. We also discuss the limitations (in Section
III.C) to shed light on the future directions.

II. STRUCTURAL PROGRAMMING

The concept of 3D printable soft robots has recently attracted
a great deal of interest [16], [34]–[38] and this paper proposes
a new vision which can result in a systematic manufacturing
process for complex soft robotic systems. The proposed actuator
is made out of dented bellows and a backbone. The backbone
can have one or more embedded air chambers (depending on the
programmed DOF) connected to a subset of bellows, pressuriz-
ing of which results in bending of the actuator and generating
the programmed shape with different intensity of actuation, de-
pending on the deployed pressure in the corresponding chamber.
This concept is indirectly inspired by the complex mechanical
structure of RNA molecules. The geometry of the backbone is
designed such that it resists elongation in the axial direction
while distributing the pressure based on the programmed bases

TABLE I
STRUCTURAL PROGRAMMING LIBRARY

TABLE II
EMBEDDED MECHANICAL CODE

Fig. 1. Generic schematic & various functions of the library.

to generate a heterogeneous bending alongside the backbone.
We propose two base functions for the soft actuators, i.e., flexor
bases and extensor bases. Thedesireddirectionality, shape,DOF,
dexterity, and power of the soft mechanism are coded using a
novel mechanical programming library (given in Table I) and
embedded mechanical codes (given in Table II). The library
shows available behaviors which can be coded using embedded
functions. Table I shows the programming function library. To
elaborate on Function 1 in Table I, the flexor and extensor
bases provide forward and backward bending of the actuator,
respectively. Flexion is the downwardbendingwhen the air input
is at the left, and extension is upward bending.
Fig. 1 shows an example schematic of the proposed soft

continuum robotwith annotated various sections associatedwith
different programming functions, given in Table I. It should
be noted that not all eight functions of the mechanical library
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Fig. 2. Wall thickness and size of 2DOF actuator.

need to be used in one single actuator. The introduction of
flexor-extensor active bases results in the possibility of non-
homogeneous expansion of various sections of the robot, which
introduces heterogeneous stress and strain, thus variable curva-
ture alongside the robot.Bychanging thephysical characteristics
of the base, backbone, and air chamber, various distribution
and actuation can be achieved. The actuators are capable of
having multiple air chambers that can get activated separately
and are isolated using isolation links. The isolation link results
in activating various segments of the robot independently, while
the inhibition link does not isolate the two air chambers but
generates passive mechanical support for generating various
shapes. Actuators can be designed by selecting and ordering
the functions from the library. Thus, the mechanical coding is
proposed in Table II for the functions explained in Table I.

III. SIMULATION AND EXPERIMENTAL IMPLEMENTATION

In this section, three examples of the programmable robots
proposed in the paper are discussed. It should be noted that
in all actuators discussed in this paper, the spacing between
all adjacent bases and the actuator’s length is kept constant.
In addition, the thickness of the sidewalls of the actuator is
kept the same across all actuators (1.2 mm in thickness) since
it provides a ground of comparison where the change in the
actuator’s behavior is solely due to the change in the mechanical
coding (See Fig. 2).

A. FEM Simulation Settings

In order to verify the behavior of the actuators and avoid
unfeasible design parameters before manufacturing, the Finite
Element Method (FEM) of each design is utilized to simulate
deformation during various levels of pressurizing for the three
actuators.

Material selection and assignment: The material used is
created as a hyperplastic Ogden polynomial material with
N = 3, α1 = 0.508, µ1 = −30.921MPa, α2 = 1.375,
µ2 = 10.342MPa, α3 = −0.482, µ3 = 26.791MPa.
Surface assignment, step creation, boundary condition,
and load assignment: Surface sets (Up1, Up2, Bottom,
Sides, Back, and Front) were created for each actuator to
cover all cavity surfaces. Only one step was created with
the static and general method. The ENCASTRE boundary
condition was implemented at the air tube side of the
actuator, and equally spaced 200 kPa pressure was applied
to all six surface sets for two designed robots with one
chamber. The third actuator designed has two independent
air chambers generating 2 DOF.

TABLE III
MECHANICAL CODE FOR THE MODELS IN FIG. 1

TABLE IV
PRINTING PARAMETERS FOR DIFFERENT SLICING METHODS

Fig. 3. Printing orientation on Cura.

Mesh: In order to obtain computation efficiency, solid
tetrahedral quadratic hybrid element C3D10Hwas applied
with different global seed sizes to each model.

B. Design and Manufacturing Settings

The actuators are 3D printed using an Anycubic Mega X 3D
printer and A85 Ninjaflex TPU flexible filament. The actuator
was designed in CAD software and sliced using Cura 4.6. Two
different concepts of slicing the 3D models were used, namely:
(a) manual vase mode and (b) slicing using user-specified pa-
rameters [39]. Table IV shows the parameters used in the two
tested 3D printing methods.
In order to minimize the printing time and maximize the
quality, the actuators were printed on the side, Fig. 3. Due
to the close proximity of the walls of each base, for printing
the top layer, there is no need for any support material. Thus,
placing the actuator in this orientation eliminates the need for
the use of supporting material. Other orientations may cause the
supporting material to be trapped in locations that cannot be
accessed.

C. Challenges and Limitations

As mentioned earlier in the introduction, 3D Printing has
expanded the horizon of manufacturing soft actuators. Fused
DepositionModeling (FDM) for printing flexible TPU filaments
has made it possible to generate complex shapes using 3D
printers without the need for multi-stepped silicon casting. In
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some literature, 3D printing is motivated by the corresponding
potential for the reduction of the time, and complexity of fabrica-
tion, in addition to possible less variability and susceptibility to
human errors (please see [26] for more details). However, there
are several limitationswith the use of 3D printingmethodswhich
should be considered when deciding about the manufacturing
technique for a robot. In this Section, we provide an overview of
two possible limitations which may challenge manufacturing.

Challenge #1 - Moisture: TPU filaments, which are often
used for flexible Printing, are highly hygroscopic and tend
to absorb moisture from the ambient air if not properly
maintained. The absorbedmoisturewill disrupt the printing
process and results in micro-holes in the walls of the
actuators. The problem causes leakage of the air when
actuating the robot and thus reducing the maximum pres-
sure which can be generated inside of the actuator, and
correspondingly the maximum curvature. In addition, the
problem results in increasing the degree of nonlinearity of
the robot due to the corresponding dynamics added, which
challenges the modeling and control process.
Challenge #2 - Layer Delamination: The second limitation
is the separation of the 3D printed layers at higher pressures
of operation, specifically near to the sharp edges. We ob-
served that the possibility of delamination increases when
actuators are repeatedly cycled between 250kPa–300 kPa.
The issue is due to the nature of FDM 3D printing which
relies on the adhesion between layers. Accordingly, if the
printing is not conducted using a high-quality printing sys-
tem, the adhesion may drop and can result in fatigue-based
delamination under high pressure.
Possible Solutions: In order to reduce the severity of the
mentioned limitations, the following measures were taken.
For the issue of moisture, it is suggested to heat up the
filament before printing at 45 ◦C for around 2.5 hours.
This reduces the existence of moisture. There are several
dehydration machines on the market that can be used for
this purpose. It should be noted that it is not advisable
to have the temperature during dehydration above 50 ◦C
as it may result in changes in the mechanical property of
the material. For the issue of delamination, it is suggested
to avoid sharp edges and use extra material on the edges
and corners of the actuator in the design to provide more
support. The combination of the above-given methods sig-
nificantly reduced the possibility of leakage. To provide an
additional layer of protection, we suggest using a sealing
adhesive layer which can be sprayed or used as a polish
after Printing. We suggest several sealing techniques, as
detailed in Table V.

D. Simulation of the Proposed Actuators

In this Section, Figs. 4 and 5 provide the simulation of various
programmed soft robots based on the framework introduced. As
can be seen in Figs. 4 and 5, different coding of the system can
result in different shapes of the actuator. For the S-shapeactuator
given in Fig. 4, It can be seen that the use of both flexor-extensor
bases resulted in generating two opposite curvatures. In Fig. 4,

TABLE V
SEALING METHODS AND RESULTS

Fig. 4. Qualitative simulation results for the HH-Original, Flat and S-shape
actuators, from left to right respectively.

Fig. 5. Qualitative simulation results for 2DOF actuator.

the gradual development of complex S-shape curvature can be
seen with the increase of pressure from 0 kPa to 200 kPa.
Regarding the 2DOF actuator designed with two independent
air chambers shown in Fig. 5, it can be mentioned that the
two chambers can be separately activated, resulting in a 2DOF
serial mechanism. The 2DOF design is simulatedunder different
pressurization conditions to illustrate achievable dexterity. First,
Chamber 1 was pressurized with 200 kPa, while Chamber 2 car-
ried 0 kPa. Then, Chamber 2 was pressurized, while Chamber 1
was kept at 200 kPa. When Chamber 1 is under 100 kPa pressure
and Chamber 2 under 200 kPa pressure, the actuator showed a
similar pose as a human thumb at a natural state, motivating the
use in the context of soft bionic systems. We can see the gradual
development of curvature along with increasing pressure. All
actuators showed a high degree of dexterity. Through proper
control of the pressure in the two Chambers, a variety of 2DOF
curvatures and reaches can be generated.

E. Computational Evaluation

In order to evaluate the efficacy of the system, analyzing the
linearity, hysteresis, and gradual behavior with respect to the
pressure is important. We conduct a series of simulation-based

Authorized licensed use limited to: New York University. Downloaded on December 19,2021 at 23:31:40 UTC from IEEE Xplore.  Restrictions apply. 



ALTELBANI et al.: DESIGN, FABRICATION, AND VALIDATION OF A NEW FAMILY 7945

Fig. 6. Curvature angle θ definition.

Fig. 7. Quantitative simulation results for S shape, Flat and 2DOF actuators
in (a), (b) and (c) respectively

Fig. 8. 3D Printed Soft Robot Actuators.

and experiment-based measurements. Simulation-based evalu-
ations are conducted to evaluate the change of the curvature,
represented by angle θ. In this section, we show the performance
of three chosen soft robots, given in Fig. 6. The results are shown
in Fig. 7.
1) For flat actuator, R square value at 0.9995 shows a
potentially-linear behavior. It should be noted that we
expect to observe hysteresis loops and lower linearity
when evaluating the system experimentally. By using sim-
ulation, we can gauge the potentials of the actuator.

2) S-shape actuator shows high linearity before 100 kPa.
From 100 kPa to 200 kPa, the actuator showed a slower
curvature growth due to activation of the extensor bases.
Thus, extensor bases (if activated separately) may be used
to control the rate of curvature increase.

3) For the2DOF actuator, the deformation of 2 chamberswas
simulated individually. First, we keep Chamber 2 at 0 kPa
and increaseChamber1 interior surface pressure.Then, we
keep Chamber 1 at 0 kPa and pressurize Chamber 2. Both
plots present good linearity withR square values at 0.9989
and 0.9789. Chamber 2 shows much lower growth which
is due to the smaller size of the corresponding segment in
the proposed design.

F. Experimental Implementation

Fig. 8 shows the 3D printed actuators with the optimized
printing parameters (shown in Table IV), which resulted in an
acceptable quality of printing in a relatively short time (3.5 hours
per robot). Here we present the experimental observation on the
performance of the three actuators under static and dynamic test
settings. The actuators were activated between theminimum and
maximum testing pressures (i.e., 40 kPa - 200 kPa). For the static

Fig. 9. Printed actuators and FEA qualitative verification.

test, the actuators were pressurized with an increment of 20 kPa
discretely, while the recording was conducted at rest using a
Goniometer sensor. For the dynamic test, the actuators were
cycled continuously at a constant frequency when the sensor
records the dynamical response of the actuator. The aforemen-
tioned settings allow for the examination of the behavior of the
system, including the hysteresis of the actuator.

IV. RESULTS AND VERIFICATION

A. 3D Printing and FEA Qualitative Verification

In order to qualitatively evaluate our 3D printed systems, the
actuators were pressurized and compared with their simulation
counterparts when inflated at the same intensity of pressure.
Images of the actuator curvature are provided in Fig. 9. In
Fig. 9(a), Chamber 1 of the printed 2DOF actuator is exper-
imentally actuated at 100 kPa, and Chamber 2 is actuated at
0 kPa. The simulation result under similar pressure can be seen
in Fig. 9(a). In Fig. 9(b), the shape of the printed 2DOF actuator
can be seen when both chambers are experimentally actuated at
100 kPa. The simulation result can be seen in Fig. 9(b). Figs. 9(c)
and 9(d) demonstrate the comparison for the S-shape actuator
inflated at 100 kPa and 200 kPa, respectively. Also, Fig. 9(e)
shows the comparison for the flat actuator at 100 kPa. Based on
the results shown in Fig. 9, it can be visually seen that the 3D
printed actuator showed similar curvature to the corresponding
FEA results. The results support that the overall behavior of
the actuators follows the expected behavior from the simula-
tion. This is the qualitative evaluation which, in combination
with our quantitative evaluation (Section IV.B), highlights the
performance of the printed actuator in comparison to the FEA
simulation.

B. 3D Printing and FEA Quantitative Verification

We have conducted two sets of experiments, one under static
pressure (when we increase the input pressure stepwise and
waited for any transient motion to pass) and once when we
evaluate the performance of the actuator through dynamic pres-
surizing to highlight the dynamic hysteresis behavior. Figs. 10
and 11 include experimental results for the static and dynamic
tests. Each trace shows one cycle of pressurizing.
The experimental setup is developed by our team, which has
four positive controllablepressure outputs and four negative con-
trollable pressure outputs. The system is controlled inMATLAB
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Fig. 10. Static pressure test plots.

Fig. 11. Dynamic pressure test plots.

Fig. 12. Soft robot control station.

using the QUARC Realtime library by (Quanser Inc. Canada).
The setup is shown in Fig. 12.
The experimental data were collected with the Delsys Wire-

less Trigno Digital Goniometer, in real-time, and recorded by
Delsys software. The goniometer modules are placed into two
white hubs at the ends of the actuators to fixate the Goniometer
to the body of the actuator. The first module is placed over the
air input port of the actuators and acted as an angular reference
for the second module, which is placed at the endpoint of the
actuator for recording the angle when the actuator is bending.
The measurement system used in the experiments is given in
Fig. 13.
For the static test, we cycle the pressure slowly from 40 kPa to

200 kPa and backward, with 8 static increments of 20 kPa. After
each increment or decrement, when the actuator’s angle was at
a steady-state, we recorded the deflection value with the digital
Goniometer. We repeated this oscillatory process 10 times for 3
actuators. For the dynamic test, we increased and decreased the

Fig. 13. The measurement system using Delsys Goniometer used for the
experiments.

Fig. 14. Boxplots of differences between simulation and experiments.

TABLE VI
BOXPLOT DATA

pressure continuously 10 times for all 3 actuators. The results are
normalized for comparison between different actuators. Figs. 10
and 11 show the normalized results of the static and dynamic
test, respectively.
In Fig. 10, the red dots are discrete angles recorded after

each separate static actuation when the actuators have reached
a steady state. The blue trace connects the red dots to show the
overall pattern and highlight the inherent hysteresis in the sys-
tem. In Fig. 11, the blue traces show the response of the actuator
to the continuous dynamic pressure change. As expected, we
observed that the results from the dynamic test are different from
static results, as we see higher nonlinearity and larger hysteresis
in the system due to excitation of internal dynamics of the
system, which are not observed in the static test. In other words,
the dynamic behavior is affected by the pneumatic delay, which
does not allow the actuators to inflate and deflate completely
during dynamical cycles, which results in higher hysteresis.
In addition to the above, to quantitatively evaluate the per-

formance of the implemented actuators, the deviation between
simulation and static experiments are plotted using box plots
(Fig. 14), and the corresponding statistical results are given in
Table VI. As can be seen, the flat actuator and chamber 1 of
the 2DOF actuator have the least deviation from the simulation,
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Fig. 15. Static tests compared to FEA quantitative results.

which is due to the low hysteresis behavior, while chamber 2 of
the 2DOF actuator shows the largest error. The objective values
are given in Table VI.
The qualitative and quantitative experimental results verified
our design and illustrated the potential of this new family of
soft actuators. At the same time, the hysteresis of the actuator
highlights the need for a powerful and robust close loop control.
This forms our future line of work. In addition, to compare
the experimental and simulation results for the static test, we
computed the averaged hysteresis behavior of each actuator and
compared it with the simulation results. The reason for choosing
the static test is that the designed FEA simulation does notmodel
the dynamical behavior of the system. In Fig. 15, the arrows
show the direction of actuation when upward means increment
of pressure anddownwardmeansdecrements of pressure. Fig. 15
compares the corresponding simulation and experiments.
As can be seen in Fig. 15, the major difference between the
simulation and the experimental result is the hysteresis behavior,
which is not modeled in FEM and causes a discrepancy between
the simulated and experimental performance, as expected. The
result highlights the significance of hysteresis, which should be
taken into account when designing advanced control algorithms
for delicate tasks. We also observed that the S-shape actuator
and the second chamber of the 2DOF actuator show lower
compliance with the simulation due to large hysteresis. We
believe the reason is due to the complexity of the shape and
the smaller length of the active segments. In contrast, the flat
actuator and the first chamber of the 2DOF actuator have lower
hysteresis and more compliance with the simulation results.

V. CONCLUSION AND FUTURE WORK

In this paper, we proposed the concept of the structurally
programmable soft robot using anovel designof the3Dprintable
mechanical library and embedded functions to be implemented
on the backbone structure for programming the robot. We have
shown that through structural coding, it is possible to generate a
wide range of continuum robots.We also showed that the system
has the potential to be scaled up for multiple DOF, while the
dexterity and range can be structurally programmed. The results
open doors for a variety of novel complex soft continuum robots
with specific applications in the medical domain. One future

line of work will be focused on a comprehensive study on the
dynamical behavior of the robot and the closed-loop control.
In this paper, we focus on the design and validation of the
proposed mechanically-programmable framework and experi-
mentally evaluate their response behavior to static and dynamic
pressure. In this paper, we do not analyze the force capability,
as well as the incorporation of gravity in the simulation and
experimental settings. This paper provides a framework to de-
sign and implement different soft actuators using the proposed
“mechanical library” and “embedded functions.” The proposed
library can be expanded to include more embedded mechanical
functions for producing various soft actuators and robots. The
future line of research will include evaluation of the force
capacity and closed-loop control using our soft-robot station
(Fig. 12).
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