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Abstract

Soft robots have advantages in terms of safety, softness, and compliance compared to traditional robotic systems.
However, fluid-driven soft actuators, often employed in soft robots, require a corresponding number of bulky pres-
sure supplies/valves to drive. Here, we consider a valve that can control the flow without mechanical moving parts
for simplifying the driving system of soft actuators. We developed a system comprising a pump, a switching valve,
and two latex balloons to demonstrate the feasibility of introducing a fluid valve into soft robotics. As the valve, which
makes use of the Coanda effect, can switch the flow between two outlets when the pressure difference between the
outlets is 3 kPa, we employed a latex balloon connected to each outlet. The system can control the expansion of each
balloon by switching the flow from the pump. The experimental results proved that the system could actuate each

balloon.

Keywords: Soft robot, Fluidics, Coanda effect

Introduction

In recent years, there has been a growing demand for
robots that can operate in human environments and be
used for nursing, entertainment, customer service, etc.
[1]. Such robots are expected to be safe to reduce possible
physical harm when they come in contact with humans,
flexible enough to behave similar to living organisms, and
compliant enough to cope with unexpected situations
and environments [2—4]. For these reasons, soft robots,
in which the structure and actuators are flexible, have
attracted wide attention [5].

Soft robots are often constructed and actuated using
fluid-driven flexible rubber actuators [6]. Thus, a critical
issue arises. When developing a soft robot, the mass and
volume of the entire system increases as multiple pres-
sure sources/valves are required based on the number
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of degrees of freedom of motion required by the robot.
Therefore, a large number of studies have been reported
on the application of pneumatic soft robots, where mul-
tiple motions were generated using a single compressor
and several valves, suggesting the possibility of increas-
ing the degrees of freedom with mechanically driven
pneumatic components located outside a robot [7-9].
Considering that most multi-degree-of-freedom soft
robots produce periodic motion, we do not necessarily
control every actuator independently. They can be driven
sequentially [7-9]. Compared to pneumatically driven
soft robots, hydraulic systems for soft robotics have
not yet been extensively explored. Previously reported
hydraulic soft robots employ rigid and bulky fluid control
components [10, 11].

Considering the abovementioned background, we
focused on using a valve, as one of the most important
elements of fluidics, to simplify the entire system. The
idea is to realize a multi-degree-of-freedom motion by
appropriately switching the pressure flow, generated by
a pressure source, using a simple switching valve called
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Bi-Stable Diverter [12]. In addition, there has been
reported a quite smart idea of introducing a discharge
flow of Bi-Stable Diverter into a control flow [13, 14]. By
using the discharge flow as a feedback flow, a periodic
motion of soft robots can be simply realized with one
single pressure source and a Bi-Stable Diverter. To dem-
onstrate this concept, the current study aims to realize a
fluid-driven system that can selectively expand balloons
using a Bi-Stable Diverter.

Materials and methods

Concept

Figure 1 shows a schematic of the proposed drive sys-
tem, capable of selectively expanding each of the two bal-
loons. The proposed drive system comprises a pump (not
shown in the figure), a Bi-Stable Diverter, balloons, and
throttle valves. The Bi-Stable Diverter switches the direc-
tion of the main flow, discharged from the pump into one
outlet, using the Coanda effect [15] induced by the con-
trol flow. The throttle valve increases the gauge pressure
of the balloon connected to the outlets; therefore, the
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gauge pressure of the target outlet of the switching valve
is higher than that of the other. The difference in gauge
pressure, due to the difference in flow rate, creates a dif-
ference in the balloon deformation. Switching the con-
trol flow causes the target outlet to switch, deflates the
inflated balloon, and inflates the non-inflated balloon.
This achieves a selective drive of multiple balloons with
relatively simple configurations, thus, downsizing the
entire system. It can be observed that there is a need for
an additional control system for appropriately generating
control flows 1 and 2. The control system may be imple-
mented in a fluid circuit, for example, by feeding the out-
let flow from the throttle valves to the control flow inlets
to achieve a replicating motion of balloons. Therefore,
this study simply shows that the Coanda effect employed
in a simple fluidic valve may contribute to the selective
drive of each balloon.

Bi-Stable Diverter
Figure 2a and b show an overview of the Bi-Stable
Diverter, which is an important element in fluidics.

a
Main flow from
a pump
Control flow 1
from a syringe Outlet 2
b
Main flow from Control flow 2
a pump from a syringe

Outlet 2

control flow 1 is introduced, b when the control flow 2 is introduced
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Fig. 1 Overviews of the proposed system to selectively drive balloons with simple fluidics valve mediated with the Coanda effect. a When the
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Fig. 2 Overviews of the fluidic switching valve and a throttle valve. a When the control flow 1 is introduced. b When the control flow 2 is
introduced. ¢ The Coanda effect observed in the fluidic switching valve. d Crosssection and dimensions of the developed fluidic switching valve. e
Actual view of the valve. f An overview of the throttle valve. g Cross-section of the throttle valve. h A model of the throttle valve
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Fluidics aims to realize logic circuits, such as electronic
circuits, using fluid flow. To achieve this, many fluidic
logic elements employ the Coanda effect, in which fluid
flow along a channel adheres to a channel wall [16]. We
used this digital switching function for driving soft actua-
tors. A Bi-Stable Diverter can select the discharge out-
let of the flow from the pump (main flow) by inputting
a small amount of flow from the side (control flow). In
other words, the main flow can be directed into outlet 1
by inputting control flow 1, and the same is true for out-
let 2 (see Fig. 2).

Figure 2c shows a schematic of the Coanda effect
observed in the Bi-Stable Diverter. The flow velocity dis-
tribution is mapped on the model, which was calculated
using the k-¢ turbulence model for a low Reynolds num-
ber. Note that the condition for the numerical simulation
is as follows: the main flow velocity is 0.7 m/s; the con-
trol flow 1 velocity is 0.04 m/s; the control flow 2 veloc-
ity is 0 m/s. As shown in Fig. 2a, b, and c, the difference
in the discharge flow rate between the outlets was cre-
ated by the negative pressure in a vortex created by the
Coanda effect at the flow divergence area. The Coanda
effect refers to the fluid property in which the jet flows
along a curved surface and is less prone to flow separa-
tion than a uniform flow [17]. For this reason, in the Bi-
Stable Diverter, shown in Fig. 2c, the main flow adheres
to the wall on either side of the direction of the flow in
the separation area. The valve can select the wall that the
main flow should adhere to by introducing a control flow
perpendicular to the main flow at the flow divergence
area, which means that the valve can switch the discharge
outlet.

Figure 2d and e show the dimensions and an actual
view of the developed Bi-Stable Diverter, whose dimen-
sion is based on that in ref. 17. The diameters of the main
flow inlet, control flow inlet, and outlet were 13 mm,
3 mm, and 3 mm, respectively. The cross-section of an
orifice, where the main flow and control flow collide,
was a rectangle with a width of 2 mm and a thickness of
3 mm. Water was employed as the working fluid.

Throttle valve

Figure 2f, g, and h show schematics of the throttle valve
and its model. The throttle valve intentionally creates
pressure loss according to the flow rate through the valve.
The pressure loss, AP, can be calculated using the loss
coefficients, K, as

AP =KL, )

where p is the density, and V'is the velocity. Therefore, the
pressure loss is proportional to the square of the velocity.
In addition, the loss function K can be considered as that
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for sudden contraction, Ksc, and that for sudden expan-
sion, Kge. The theoretical loss coefficient for a sudden
expansion is expressed as

Ko = (1- g—i)z, 2)

where d is the diameter of the narrow area of the tube,
and D is the diameter of the wide area of the tube. In
addition, the loss coefficient for a sudden contraction fits
the empirical formula as

2
Ksc~042(1- ) 3)

up to the value d/D = 0.76, above which it merges into
Eq. (2). Therefore, the total pressure loss, which equals
the inner pressure of the balloon, can be written as:

Vp? V2
APy = Kscp Do KSE'O 24
2
pVD2 dZ D2 dZ
= 0421 — — — 11— =
2 [ ( D)t D?

(4)
1 1
o Vysnd® = Vp=nD>?.
. d4]‘[ D4Tli

Note that these equations can be applied only to sudden
extraction (contraction). However, we employed a roller
clamp (KT-6, Cole-Parmer LLC, USA) as the throttle
valve, to obtain well-rounded entrance and exit of the
throttle valve. Therefore, the actual loss coefficient for
contraction is considered negligible (K = 0.05), and that
for extraction is considered to be lower than that for sud-
den expansion [18].

Balloon
As shown in Fig. 2a and b, directing the main flow to
outlet 1 (2) creates a difference in the discharge flow rate
between the outlets. This flow rate difference causes the
gauge pressure of the balloon to be connected to the
outlets owing to the throttle valve (cf. Figs. 1 and 2c).
Therefore, the differential deformation in the balloon is
achieved by the pressure difference, AP, which depends
on the flow rate difference between the outlets of the flu-
idic valve. However, as shown in Fig. 2c, the flow rate dif-
ference produced by the Bi-Stable Diverter depends on
the Coanda effect at the flow divergence area. Therefore,
the Bi-Stable Diverter cannot maintain the flow rate dif-
ference if the pressure applied to the target outlet is large.
To ensure sufficient deformation difference between
the balloons, we employed a latex balloon. Figure 3a and
b show schematic PV diagrams of a balloon with (a) lin-
ear and (b) nonlinear relation between the internal pres-
sure and volume. In the case of a balloon with a linear
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Fig. 3 PV diagrams of a balloon. a Linear PV diagram. b Nonlinear PV diagram with a peak. ¢ PV diagrams of a latex balloon employed in this study

PV diagram (a), AP must be large to produce a suffi-
cient deformation difference. On the other hand, a bal-
loon with a peak in the PV diagram (b) deforms slightly
up to a threshold pressure and deforms significantly at
the threshold pressure and beyond. In other words, it is
possible to produce a sufficient deformation difference
between the balloons with a peak in their PV diagram
when the gauge pressure difference, AP, exceeds the
threshold value.

Figure 3c shows the PV diagram of the latex balloon
employed in this study. The PV diagram was measured by
injecting water into the balloon with syringes (SS-50ESZ
and SS-10ESZ, Terumo Corporation, Japan). The balloon
was injected with water in a 0.2 mL step up to 12 mL and
later, in a 1 mL step. The internal pressure of the bal-
loon was measured with a pressure gauge (GC-31-174,
Nagano Keiki Co., Ltd., Japan) at each step. The peak
internal pressure on the PV diagram was 8 kPa when the
volume of the balloon was approximately 5 mL. Beyond
this, the internal pressure decreased as the volume
increased. It was confirmed that the balloon deformed

significantly at a threshold value of approximately 8 kPa
and higher.

Fabrication of components

Figure 4 shows the developed system. The system con-
sisted of a positive displacement pump (V-15, Iwaki Cor-
poration, Japan), a Bi-Stable Diverter developed in this
study, syringes (SS-50ESZ, Terumo Corporation, Japan),
tubing connectors (TPX Tubing Connector 3549, Sanwa-
platec Co., Ltd., Japan), balloons (polka dot balloon, Tiger
Rubber Co., Ltd., Japan), and throttle valves. The balloons
were connected to the Bi-Stable Diverter via tubing con-
nector. Water was as the working fluid in the subsequent
experiments.

Experimental results and discussion

Switching characteristics

Figure 5a shows the experimental setup for switching char-
acterization. The positive displacement pump was con-
nected to the main flow inlet of the Bi-Stable Diverter, and
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Fig. 4 An actual view of the developed system to confirm the feasibility of introducing the fluidic switching valve to soft actuator system.
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Fig. 5 The experiment for switching characterization. a The set up for the experiment. b the flow rate difference of the outlet 1 against outlet 2

the control flow inlet 2 was closed. The syringe was con-  was connected to each outlet to measure the flow rate
nected to control flow inlet 1 to direct the main flow to  along each outlet channel. The flow rate of the main flow
outlet channel 1. A flowmeter (SEN-HZ06K, Uxcell, China) ~ was varied from 1.2 to 23.3 mL/s in 20 equal intervals, and



Keita and Kenjiro ROBOMECH Journal (2022) 9:14

the flow rate of control flow 1 was set to 7.8 mL/s. In addi-
tion, the cross-section ratio of the throttle valve, connected
to each outlet, was varied from 59 to 100% (fully closed)
in five intervals. Figure 5b shows the flow rate difference
between the outlet 1 and outlet 2 (Q,,; ;—Q,,. »)- The vol-
umetric flow rate discharged from the outlet 1 was about
0.25 mL/s higher than that from the outlet 2 in almost all
conditions.

Balloons deformation

The deformation of the balloon was visually recorded with
different combinations of parameters, main flow rate and
cross-section ratio of the throttle valve. The flow rate of
main flow was varied from 1.2 to 23.3 mL/s in 20 equal
intervals. In addition, the cross-section ratio of the throttle
valve ranged from 59 to 100% in 5 intervals. The flow rate
of the control flow 1 was set to 7.8 mL/s, and the control
flow 2 was closed. The main flow and control flow 1 were
introduced at t=0 s, and after a sufficient time (7.6 s, time
at which the syringe was empty), the flow stopped.

Figure 6a and b show the defined status of the balloons
and a summary of the experimental results. We defined
the behavior of the balloon as follows: (a) both balloons are
always inflated with or without control flow, (b) one of the
balloons inflates but does not deflate when the control flow
is stopped; (c) one of the balloon inflates at will and deflates
when the control flow is stopped (desired behavior), (d)
one or both balloons do not inflate much, and (e) neither
of the balloons inflate at all. Figure 6¢ shows the deforma-
tion of the balloons at a cross-section ratio of 59% and a
flow rate of 9.5 mL/s for the main flow. The time required
for the blue balloon to deflect under this condition was 4 s
and that for the yellow balloon was 6 s. Figure 6d shows the
deformation of the balloon at a cross-section ratio of 59%
and a flow rate 10.8 mL/s for the main flow. Under this
condition, the time required for the blue balloon to deflect
was 12 s and that for the yellow balloon was 83 s. (i) and (iv)
in Fig. 6¢ and d show the initial state of the balloons at ¢ or
t” =0 s. Note that ¢ and ¢’ represent the time for introduc-
ing the control flows 1 and 2, respectively. When the water
in the syringe is fully injected at ¢ (¢))=7.6 s, the balloons
appear as shown in (ii) and (v). After sufficient time for
deflection, the balloons restore their initial shape, as shown
in (iii) and (vi). The time required for the balloons to fully
deflect depends on the experimental conditions. Note that
(i—iii) are for the blue balloon to be expanded, and (iv—vi)
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are for the yellow balloon. These experimental results indi-
cate that balloons can be selectively driven by setting
appropriate inflow conditions.

Discussion
Here, we discuss why the desired deformation (defined as
(c) in Fig. 6a) is distributed diagonally in Fig. 6b, and why
there is a difference in time required to restore the initial
appearance among the different conditions as shown in
Fig. 6¢c and 6d.

Figure 7 shows a schematic relation between the flow
rate of the main flow, Q, and the cross-section ratio of the
throttle valve, y. If the Q increases slightly as

Q =Q+AQ (5)

The flow rates of outlets 1 and 2 increase (see Fig. 5). The
inner pressure of the balloon increases as a function of
the throttle valve, and it is proportional to the outlet flow
velocity (see Eq. 4). Therefore, if the flow rate of the main
flow becomes Q,, the inner pressure of both balloons
increases, and vice versa. If y decreases slightly as

Y =y — Ay, (6)

The inner pressure of both balloons increases, and vice
versa. Therefore, if the balloons deform suitably, as
shown in Fig. 6a (c) at the point (Q, y) in Fig. 7, the close
suitable point may be located at (Q + AQ,y + Ay) and
(Q— AQ,y — Ay). Then, the relationship between AQ
and Ay should be clarified to understand the reason for
the diagonally located experimental result of the desired
deformation in Fig. 6b. As we neglect the pressure loss
from sudden contraction in Eq. 4, the inner pressure of
the balloon is expressed as

V2 D2 2 2
APy = %%(1_%) . (4'/)

As shown in Eq. 4/, the pressure is expressed as the prod-
uct of the square of the flow velocity, V), and the fourth
power of the inner diameter ratio at the throttle valve.
However, as we use the roller clamp as the throttle valve,
Eq. 4’ can be expressed, using the cross-section ratio y of
the tube instead of the inner diameter ratio, as

V3 V3
APy =23 -2 =52 (L 4y —2). @)

(See figure on next page.)

Fig. 6 Balloons deformation experiment. a An evaluation status defined in this experiment. b The summary of the experimental results. ¢ The
balloon’s deformation under the cross area of 59%, the flow rate of main flow of 9.5 mL/s. (i) t=0s: inflow started. (ii) t=7.6 s: the control flow 1
was stopped. (i) t=12 s: the balloon contracted. (iv) t'=0 s: inflow started. (v) t'=7.6 s: the control flow 2 was stopped. (vi) t'= 14 s: the balloon
contracted. d) The balloon’s deformation under the cross area of 59%, the flow rate of main flow of 10.8 mL/s. (i) t=0 s: inflow started. (i) t=7.6s:
the control flow 1 was stopped. (iii) t =20 s: the balloon contracted. (iv) t'=0s: inflow started. (v) t'=7.6 s: the control flow 2 was stopped. (vi)

t'=283 s: the balloon contracted
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We solved Eq. 4” for Q(= VA),y, and the constant left-
hand side, AP;,,; = 8 kPa, at which the PV diagram shows
a peak (see Fig. 3c). Note that the cross-section, A, was set
for AP,y = 8 kPa when Q = 13 mL/s and y = 0.67. We
superimposed the solved relation between Q and y onto
the desired conditions to obtain the appropriate deforma-
tion of balloons (c) in Fig. 6a) in Fig. 7b. Even though there
is a slight difference, Eq. 4” predicts the diagonal tendency
in the graph. When the cross-section ratio is greater than
80%, Eq. 4” underestimates the cross-section ratio. The rea-
son may be a pressure loss due to the viscosity and bending
of the tube in the actual experimental system. As a result,
in an actual situation, the pressure loss increases as the flow
rate of the main flow increases, resulting in a lower suitable
flow rate. Since the balloons require a threshold pressure of
8 kPa to significantly deform, the inlet flow rate should be
sufficiently high or the cross-section ratio should be small
enough to obtain this threshold pressure. In other words,
when the combination of the flow rate of the main flow and
cross-section ratio is not suitable, the inner pressure of the
balloon is not high enough to sufficiently inflate the bal-
loon. Therefore, the plots of the desired deformation are
located diagonally, as shown in Fig. 6b.

When the flow rate of the main flow was high and the
balloon inflated ((i) to (ii), and (iv) to (v) in Fig. 6¢ and
d), the inner pressure of the balloon increased and then
decreased by AP according to the deformation of the
balloon, owing to the nonlinear PV diagram shown in
Fig. 3c. This means that once the inner pressure exceeds
the threshold, it becomes easier for the inflated balloon
to inflate, and the deflated balloon to deflate. Therefore,
the smaller the AP,y is, the easier it is for the balloon to
deflate ((ii) to (iii), and (v) to (vi) in Figs. 6¢ and d) after the
control flow is stopped. The deformability of the balloon
depends on APy, which depends on the deformation of
the balloon when the control flow is stopped. Moreover,

the deformation of the balloon depends on the flow rate of
the main flow. Therefore, the time required for the defla-
tion of the balloon increases as the flow rate of the main
flow increases. Note that in Fig. 6d, the 10.8 mL/s of flow
rate of the main flow requires a longer time for deflection
compared with Fig. 6¢, in which the flow rate of the main
flow is 9.5 mL/s.

Finally, the effectiveness of the feedback loop for
periodically driving a soft robot is discussed. In this
study, the control flow was fixed at 7.8 mL/s in the
experiments. Therefore, if a feedback flow is provided,
the feedback flow should be greater than 7.8 L/min.
As shown in Fig. 6b, more than 50% of the total inflow
was discharged from the outlet on the actuated side
under all experimental conditions. Therefore, it can
be assumed that the feedback flow is equivalent to or
greater than the control flow employed in this study
when the flow rate of main flow is 15.6 mL/s or higher.

Conclusion

To realize the multi-degree-of-freedom motion of a soft
robot using embedded fluidic elements, this study pro-
posed a method to selectively inflate a balloon using a
fluidic valve, mediated by the Coanda effect, operated by
the control flow input. The developed valve is capable of
generating a flow difference of approximately 0.25 mL/s
between two outlets, and the selective inflation of bal-
loons is realized using a simple configuration when the
balloons have peaks in their PV diagram. This shows the
possibility of a new driving method for fluid-driven soft
robots and that a soft robot with multiple degrees of free-
dom can be driven only by fluid elements. Because the
proposed method suggests that the control strategy may
be implemented in the fluid circuit, our future study will
focus on the development of a fully fluidically controlled
soft robot system.
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