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Abstract— In this paper, we developed an autonomous 
decentralized control method that incorporates phase-difference 
adjustment based on a sigmoid function, enabling the design of 
both increases and decreases in discrepancy. The method was 
applied to a peristaltic mixing pump capable of mixing and 
transporting solid–liquid multiphase fluids. This study aims to 
realize a soft robotics system that autonomously switches motion 
modes according to changes in the physical properties of the 
transported material, thereby integratively mimicking both the 
motility and motion-switching functions of the intestine. 
Conventional autonomous decentralized control methods have 
been applied to the locomotion of amoeba-type and snake-type 
robots. However, when such control laws are applied to pumps, it 
is difficult to achieve appropriate motion switching in 
environments where the contents harden due to mixing. In this 
paper, we employed a sigmoid function that allows bidirectional 
control of discrepancy and constructed a new control law based 
on target phase-difference adjustment without feedback. The 
control law was implemented in a four-unit pump, and we 
confirmed that the desired motion patterns could be reproduced 
according to the preset target phase differences. As a result, the 
phase differences between all units converged to the target values 
within approximately 10–30 s after actuation began, producing 
the intended motion patterns. Furthermore, polyvinyl alcohol 
solution and borax water were used as contents whose fluidity 
decreases during mixing. We verified that autonomous motion 
switching occurred as the discrepancy increased. The results 
showed that, in units containing hardened material, a conveying 
motion with a phase difference of π/3 was generated, whereas in 
units with residual unmixed material, a mixing motion with a 
phase difference of π was generated. These findings demonstrate 
that the proposed method enables motion control that adapts to 
changes in material properties. 

I. INTRODUCTION 

The intestine’s motility is controlled by the central and 
enteric nervous systems. The enteric system, containing 
sensory and interneurons, has reflex circuits that determine 
motion patterns in response to mechanical and chemical 
stimuli without brain input [1–3]. Main motions are peristalsis 
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for transport, segmentation for mixing, and pendular motion 
[4]. The flexible wall allows low-shear mixing and transport 
of high-viscosity, solid–liquid multiphase fluids. Pumps 
modeled on these motions and switching control can achieve 
continuous, efficient mixing and transport, enabling more 
efficient food and pharmaceutical manufacturing. 

Previous studies using neural oscillator–based intestinal 
models confirmed motion generation in simulations with 
varying content hardness [5–7] and achieved autonomous 
peristalsis in swallowing devices [8–10]. These were limited 
to idealized simulations or single motion sequences, and no 
autonomous decentralized control method could switch 
motions for materials that harden during mixing. 
Intestine-mimicking pumps with pneumatic artificial muscles 
[11][12] also used sequence control, making adaptation to 
property changes difficult. Real hardware requires control that 
reflects real-time fluidity and state changes. 

In previous work, we developed a peristaltic mixing pump 
[13] with connected, air-occludable tubes. Using sequence 
control with a single microcontroller, we mixed and 
transported high-viscosity fluids and powders [14][15]. 
However: (1) the control law required modification when the 
number of units changed; (2) all units followed the same 
pattern, making adaptation to mixing-state changes difficult. 
Fixed-time sequence control risks quality loss from 
under-mixing or efficiency loss from over-mixing. Thus, a 
control system that autonomously adapts motion patterns to 
property changes is needed. 

This study aims to establish a control law for a peristaltic 
mixing pump based on autonomous decentralized control, 
enabling motion switching according to the state of the 
contents. 

We focused on local feedback control based on a 
discrepancy function, used in snake-type [16] and 
amoeba-type robots [17], where joint angle or spring length 
was treated as phase. For pumps, phase was defined as the 
unit’s air-supply state, and discrepancy as the difference 
between integrated and no-load airflow [18]. Implementing 
this method enabled switching from mixing to peristalsis as 
fluidity increased [19]. However, as in Kano et al. [7], it was 
difficult to generate peristalsis when discrepancy increased, 
such as with hardening contents that hinder occlusion. This 
limits applications to gels, jams, and polymer–additive 
mixtures in pharmaceuticals and cosmetics. A 
phase-adjustment method that responds to both increases and 
decreases in discrepancy is needed. 
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Fig. 1     System configuration of the peristaltic mixing pump  

consisting of 4-units capable of autonomous decentralized control 
 

 

 
Fig. 3  Correspondence between the phase angle and the actuation 
state of each unit. The supply and exhaust timing of air pressure is 

mapped to specific ranges of the unit phase θ. 
 
In this paper, we propose a control law linking the 

discrepancy function—defined by inter-unit phase difference 
and integrated airflow—to a sigmoid function, applied to 
multi-unit pumps. This enables autonomous switching 
according to fluidity changes, uniquely determining target 
phase difference and handling both increase and decrease in 
discrepancy. We first verify phase-difference-only control in a 
four-unit pump, then test the sigmoid-based method with 
contents whose fluidity decreases during mixing, confirming 
switching from mixing to peristalsis. The contributions are: 

 Development of an autonomous decentralized control law 
using sigmoid-based phase adjustment for adaptive motion 
switching under material property changes. 

 Experimental demonstration of autonomous transition to 
peristalsis in contents with increasing viscosity, which 
conventional local feedback control cannot handle. 

 Indication of applicability to adaptive motion control in soft 
robotics under diverse environments. 

The structure of this paper is as follows. Section 2 outlines 
the autonomous decentralized control system of the peristaltic 
mixing pump. Section 3 presents the general form of the 
conventional control law and explains the proposed sigmoid 
function–based control law. Section 4 describes experiments 
verifying motion generation based on a set phase difference, 
and Section 5 presents experiments verifying motion 
switching according to changes in content state using the 
sigmoid function. 

II. AUTONOMOUS DECENTRALIZED MOTION CONTROL 

SYSTEM FOR PERISTALTIC MIXING PUMP 

This section describes the autonomous decentralized 
control system for a peristaltic mixing pump developed to 
emulate biological intestinal motion and its pattern-switching 
mechanisms. First, the overall system configuration is 
outlined. Then, the structure and operating principles of the 
pump, designed to replicate intestinal motility, are explained. 

A. System Configuration 

The system configuration is illustrated in Fig. 1. Each unit 
of the pump is supplied with compressed air through an air 
circuit equipped with two solenoid valves (SMC VDW20JA) 
for air intake and exhaust, and two flow sensors (SMC 
PEM750-C6-C) for measuring the intake and exhaust flow 
rates. Compressed air for driving the pump is supplied by an 
air compressor, and the pressure is regulated using a pressure 
regulator. The opening and closing of the solenoid valves and 
the acquisition of flow rate data in each unit are controlled by a 
microcontroller (Arduino MEGA 2560). Microcontrollers can 
exchange information with neighboring units via serial 
communication. 

B. Pump Overview 

An external view of the pump is shown in Fig. 2(a). The 
pump consists of multiple interconnected units, each 
structured as shown in Fig. 2(b). Each unit comprises an outer 
axially fiber-reinforced pneumatic artificial muscle (hereafter 
referred to as an "artificial muscle") and an inner rubber tube, 
which are joined together via flanges. The pump operates by 
applying pneumatic pressure to the chamber space between 
the artificial muscle and the rubber tube. This causes the 
rubber tube to expand inward, occluding the lumen, while the 
artificial muscle expands radially outward and contracts 
axially. The combined effect of axial contraction and lumen 
occlusion pushes the contents within the unit, enabling mixing 
and transport through the tube. Furthermore, by controlling the 
timing of air intake and exhaust for each unit, the pump can 
replicate intestinal motion. 

In this study, two motion patterns realizable by the pump 
are defined: peristaltic motion and mixing motion. Peristaltic 
motion refers to the transport of contents in a specific direction. 
In this mode, when a unit extends due to exhaust, adjacent 
units grasp the contents to prevent backflow, thereby enabling 

  
(a) External view of the 4-unit pump (b) Detailed structure 

of one unit 

 
(c) Occlusion mechanism of the inner rubber tube through 

pneumatic actuation 
Fig. 2   Structure and appearance of the peristaltic mixing pump 
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unidirectional transport. Thus, achieving peristaltic motion 
requires appropriately staggered air control timing between 
adjacent units. Here, when the supply and exhaust states of 
each unit are expressed using the phase θ (0 ≤ θ ≤ 2π) shown in 
Fig. 3, an ideal peristaltic motion is defined as a state in which 
three or more adjacent pump units operate with a constant 
intrinsic phase difference ω and maintain it. In this study, 
considering the pneumatic response of the pump, peristaltic 
motion is defined as the condition in which the phase 
difference between three or more adjacent units, θᵢ₊₁ − θᵢ (i: 
unit index), converges to ω ± π/6 and is maintained for at least 
30 s. If these conditions are not met, the contents are mixed 
regardless of the pump’s motion pattern, and this state is 
defined as mixing motion. 

III. CONTROL LAW DESIGN 

A．General formula for Autonomous Decentralized Control 

First, the general form of the decentralized autonomous 
control law, which has been adapted for the motion control of 
modular robotic units, is presented in Equation (1). 

𝑑𝜃௜

𝑑𝑡
= 𝜔 + 𝐹(𝜃௜ିଵ, 𝜃௜ , 𝜃௜ାଵ)                          (1) 

The subscript i corresponds to the unit number, with unit 1 
located on the content inlet side, and the index increasing by 
one toward the outlet. The variable θi (0≤ θi ≤2π) represents 
the phase of unit i , corresponding to the unit’s air supply and 
exhaust state, as illustrated in Fig. 3. The first term ω, denotes 
the natural frequency, and the second term, F (θi-1, θi, θi+1) , is 
a phase adjustment term. In conventional control laws, F (θi-1, 
θi, θi+1) consists of two components: a phase difference setting 
term to synchronize the motions of adjacent units, and a local 
feedback term based on discrepancy detection. In contrast, the 
control law proposed in this study adopts only the phase 
difference setting term and does not use any local feedback 
term. In the following, the conventional control law is first 
outlined, followed by a detailed description of the proposed 
control law based on sigmoid-function-driven phase 
difference adjustment. 

B.  Previous Method: Control using Local Feedback Terms 
[16][17] 

𝐹(𝜃௜ାଵ, 𝜃௜, 𝜃௜ିଵ) =  𝑓(𝜃௜ିଵ, 𝜃௜, 𝜃௜ାଵ) + 𝑔(𝜃௜)             (2) 

𝑓(𝜃௜ିଵ, 𝜃௜, 𝜃௜ାଵ) =                                                 

𝜖(sin(𝜃௜ାଵ + 𝜃௜ + 𝜓௜) + sin(𝜃௜ିଵ − 𝜃௜ − 𝜓௜))           (3) 

𝑔(𝜃௜) = −𝜕𝐼௜(𝜃௜) 𝜕𝜃௜⁄                                    (4) 

𝐼௜(𝜃௜) =
𝜎

2
𝑇௜

ଶ                                                     (5) 

This section describes control laws previously applied to 
snake-like robots [16] and amoeba-like robots [17]. In these 
methods, the second term of Equation (1) is expressed as the 
sum of  f (θi-1, θi, θi+1) and g (θi), as shown in Equation (2).  

Equation (3) represents a diffusive interaction between 
adjacent phase-difference oscillators, designed to pull them 
toward the target phase difference ψᵢ. Such synchronization 

control using a phase-difference setting term is a basic method 
in nonlinear dynamics for achieving stable phase-difference 
synchronization. It is generally known that increasing the 
control gain ε broadens the range of acceleration differences 
over which entrainment occurs [21]. 

Meanwhile, g (θᵢ) is a local feedback term that adjusts the 
unit’s phase based on the discrepancy calculated from its 
deformation. The discrepancy is defined as the difference 
between the actual deformation and its target value, expressed 
as an energy function Iᵢ (θᵢ). By adjusting the acceleration in 
the direction of the negative gradient of this function (Eqs. (4) 
and (5)), the discrepancy is reduced. This allows the control 
system to adapt to mechanical loads such as friction, flexibly 
modifying the phase evolution speed of each unit and 
generating motions that the entire system can perform without 
excessive load [22]. 

Thus, the control law consists of two layers: a structurally 
stable phase-difference setting term and a local feedback term 
robust to environmental variations. This structure enables 
stable and adaptive operation even in real environments with 
disturbances such as changes in material properties of the 
contents. Moreover, since each unit is controlled using only 
local interactions with its neighbors, the control structure and 
computational load remain simple as the number of units 
increases, ensuring high scalability. 

This control law has been applied and validated in various 
platforms, including taxis and exploratory behaviors of 
amoeba-type soft robots [17][23][24], serpentine locomotion 
of snake-type robots adapted to frictional environments [16], 
and gait transitions of quadruped robots according to speed 
[25]. In all these robotics applications, robustness to 
environmental changes and stability of motion were 
confirmed. 

This study applies a similar control law to an 
intestine-mimicking pump. In the previous work by Tsurumi 
et al. [19], the control was designed so that f (θi-1, θi, θi+1) 
dominated when the pump units could push the contents 
without excessive load, and g(θᵢ) dominated when mixed 
contents prevented the units from pushing them out. This 
design enabled autonomous switching from mixing to 
conveying for contents whose fluidity increased during 
mixing. 

However, when fluidity decreases during mixing and 
discrepancy increases, control dominated by the 
phase-difference setting term f (θi-1, θi, θi+1) becomes difficult, 
hindering the transition to peristaltic motion. Therefore, the 
next section proposes a new sigmoid function–based 
autonomous decentralized control law that adaptively adjusts 
the phase difference in response to both increases and 
decreases in discrepancy. 

C. Proposed Method: Control Applying the Sigmoid Function 
𝑑𝜃௜

𝑑𝑡
= 𝜔 + 𝐹(𝜃௜ିଵ, 𝜃௜, 𝜃௜ାଵ, 𝜓௜, 𝜓௜ିଵ)                              (6) 

𝐹(𝜃௜ିଵ, 𝜃௜, 𝜃௜ାଵ, 𝜓௜, 𝜓௜ିଵ) =                                                 

𝜖(sin(𝜃௜ାଵ − 𝜃௜ + 𝜓௜) + sin(𝜃௜ିଵ − 𝜃௜ − 𝜓௜ିଵ))              (7) 

𝜓௜൫𝑆௝೔
൯ =

𝐴

1 + 𝑒ௌೕ೔
ି஻ + 𝐶  (𝑗௜ = 1,2, ⋯ )                     (8) 
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Fig. 4  Effect of differences in contents on chamber integrated flow 

rate, discrepancy, and phase delay 
 

𝑆௝೔
= න 𝐼௜

ଶ𝑑𝑡   (𝑗௜ = 1,2, ⋯ )
ఛೕ೔షభ

ఛೕ೔షమ

                          (9) 

𝑇௜ = 𝑄௜ − 𝑄௖௠ௗ                                                       (10) 

𝑄௖௠ௗ = 𝑛(1 − cos 𝜃௜)                                           (11) 

This section explains the proposed control law using a 
sigmoid function. In this law, Eq. (6) is obtained by adding the 
target phase differences ψᵢ and ψᵢ₋₁ to the second term F (θi-1, θi, 
θi+1) in Eq. (1). The value of ψᵢ is then varied according to the 
discrepancy function, as in Eq. (7), enabling phase-difference 
control based on the state of the contents. Here, ψᵢ₋₁ refers to 
the phase difference with the unit on the side opposite to the 
conveying direction. Aligning the phase differences with both 
neighboring units helps maintain a constant phase difference 
across all units, contributing to stable generation of peristaltic 
motion. 

In decentralized control systems, nonlinear functions such 
as Gaussian [26–28] and sigmoid functions [29][30] are 
commonly used to map input values to control parameters. 
The sigmoid function, in particular, offers a smooth transition 
from 0 to 1, continuous and monotonic response over a wide 
input range, and low computational cost, making it suitable for 
the autonomous decentralized control of this pump, where 
real-time performance and smooth control are required. 
Accordingly, in the proposed control law, as shown in Eqs. (8) 
and (9), the target phase difference ψᵢ is determined by 
applying the sigmoid function to the integrated value Sⱼᵢ (θᵢ) of 
the discrepancy function Iᵢ (θᵢ) over one supply–exhaust cycle 
(0 ≤ θᵢ ≤ 2π). By adjusting constants A, B, and C in Eq. (8), the 
system is designed to select an appropriate motion pattern 
(mixing or conveying) according to changes in content fluidity. 
In Eq. (8), the subscript jᵢ of Sⱼᵢ denotes the cycle number, 
starting from jᵢ = 1 at the beginning of pump operation, and τⱼᵢ 
represents the end time of the jᵢ-th cycle. 

Differences in airflow into each pump unit correspond to 
changes in the fluidity of the contents [18]. Therefore, the 
discrepancy Tᵢ, which determines the phase control of each 
unit, is expressed in Eq. (10) as the difference between the 
commanded integrated airflow Qcmd and the measured 
integrated airflow Qᵢ. Qcmd is calculated from Eq. (11) using 
the command amplitude n and phase θᵢ assigned to each unit. 
This equation is an approximate function derived from the 
integrated airflow response when the tube is occluded with no 
contents inside. 

Next, we explain how the proposed control law detects 
discrepancy caused by content fluidity and adjusts the phase 
accordingly. As shown in Fig. 4, the time-series response of 
integrated airflow into a unit varies with the tube’s state 
(empty, liquid-filled, or solid-filled). When empty, air flows 
easily into the chamber, and the integrated airflow increases 
rapidly. When filled with liquid, flow resistance slows the 
response. When filled with high-viscosity solids, the contents 
occlude the tube, greatly restricting airflow and resulting in 
much lower integrated values than in the empty state. These 
differences in airflow response are reflected in the unit’s 
discrepancy Tᵢ, producing variations in phase lag and 
mismatch. In the proposed sigmoid function–based control 
law, the target phase difference ψᵢ is adjusted according to 
changes in discrepancy, enabling autonomous switching of 
motion patterns in response to changes in content properties. 

IV. MOTION PATTERN GENERATION EXPERIMENT  USING 

TARGET PHASE DIFFERENCE ADJUSTMENT [16] 

This chapter describes experiments applying the control law 
given by Eqs. (6) and (7) in Section 3.C to the pump, verifying 
that the desired motion pattern can be generated according to 
preset target phase differences ψᵢ and ψᵢ₋₁. These experiments 
confirm that the pump’s motion pattern can be changed solely 
by adjusting the target phase differences, without using the 
local feedback term employed in conventional control 
methods. 

A. Experiment Overview 

𝐹(𝜃௜ିଵ, 𝜃௜ , 𝜃௜ାଵ, 𝜓௜) =                                                 

𝜖(sin(𝜃௜ାଵ − 𝜃௜ + 𝜓௜) + sin(𝜃௜ିଵ − 𝜃௜ − 𝜓௜))           (12) 

The experimental setup was the same as the system 
configuration shown in Fig. 1. The applied pressure to each 
unit was 30 kPa, the sampling period of the flow sensor was 50 
ms, and the command amplitude n for integrated airflow was 
set individually according to the air supply capacity of each 
unit. The natural frequency ω was π/3 rad/s, and each unit 
operated in a 6 s cycle of 3 s supply and 3 s exhaust. The 
feedback gain ε for the phase-difference setting term was 0.03, 
and the total pump operation time was 60 s. The target phase 
differences ψᵢ were set to 0, π/3, π, and 5π/3. To evaluate pump 
behavior when the same target phase difference was set for all 
units, Eq. (12), a simplified form of Eq. (7), was used, with ψᵢ₋₁ 
= ψᵢ to unify the target phase difference for all units. During 
operation, an acrylic pipe (φ = 30 mm, length = 550 mm) was 
placed inside the rubber tube to be driven by the generated 
motion. 

The expected motions for each target phase difference 
condition are as follows. When ψᵢ = 0, all units operate in 
phase, supplying and exhausting air simultaneously. When ψᵢ 
= π/3, the supply–exhaust timing between adjacent units 
differs by 1 s, producing peristaltic motion in which the tube is 
occluded sequentially from the unit with the smallest index i. 
When ψᵢ = π, the timing differs by 3 s, causing adjacent units 
to alternately supply and exhaust air, which is expected to 
generate mixing motion. When ψᵢ = 5π/3, each unit’s phase 
development lags 5 s behind that of the adjacent unit with 
index i−1, producing peristaltic motion in the opposite 
direction to that for ψᵢ = π/3. 
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Fig. 5 Measured time-series transitions of phase differences between adjacent units under different target phase difference conditions (ψi). Four 

graphs correspond to different target values. 
 

 
Fig. 6 Motion transitions of the pump under different target phase 

differences. Each image shows the occlusion states of the units over 
time. Cyan arrows indicate units with closed chambers due to 

pneumatic actuation. 
 

B. Experimental Results and Discussion 

The experimental results are shown in Figs. 5 and 6. Fig. 5 
presents the time-series changes in phase differences between 
units for each target phase difference, and Fig. 6 shows the 
pump operation under each condition. 

For ψᵢ = 0, Fig. 5 (a) shows that the phase differences 
between units remained at 0, and Fig. 6 (a) confirms that all 
four units supplied and exhausted air in synchrony for 60 s. 

For ψᵢ = π/3, Fig. 5 (b) shows that the units were 
synchronized for the first 5 s, after which phase differences 
gradually developed and converged to π/3 by 10 s. Fig. 6 (b) 
shows air supplied sequentially from Unit 1 to Unit 4, 
generating rightward peristaltic motion. 

For ψᵢ = π, Fig. 5 (c) shows that all units operated in phase 
until 25 s, after which the phase differences gradually 
increased and converged to π at around 32 s. Fig. 6 (c) shows 
that after 26 s, Units 1 and 2 alternated supply and exhaust 
with Units 3 and 4, generating segmentation motion. 

For ψᵢ = 5π/3, Fig. 5 (d) shows that variations in phase 
evolution speed appeared after 2 s, and the phase differences 
converged to π/3 by 10 s. Fig. 6 (d) confirms leftward 
peristaltic motion from Unit 4 to Unit 1. 

These results show that the expected motions were 
generated for all target phase differences. However, while ψᵢ = 
π/3 and 5π/3 required about 10 s for phase convergence, ψᵢ = π 
showed no phase difference until 26 s and required 32 s to 

converge. To examine the cause of this delay, letting θi+1－θi 
= A and θi-1－θi = B, Eq. (12) can be expanded using the 
addition theorem to yield Eq. (13). 

𝐹(𝜃௜ିଵ, 𝜃௜ , 𝜃௜ାଵ , 𝜓௜) =  𝜖 sin 𝐴 cos 𝜓௜ + 𝜖 cos 𝐵 sin 𝜓௜                   

                                     + 𝜖 sin 𝐵 cos 𝜓௜ − 𝜖 cos 𝐴 sin 𝜓௜          (13) 

Here, when ψᵢ = π, sin ψᵢ = 0. At the start of operation, the 
phase differences are small, so sin A and sin B are also nearly 
zero, resulting in F ≈ 0 and little phase evolution. This likely 
caused the delayed phase convergence. 

In summary, implementing the control law based solely on 
target phase-difference adjustment in the pump demonstrated 
the ability to generate specified motion patterns. Introducing 
target phase-difference adjustment responsive to discrepancy 
changes into this control law is expected to enable motion 
control according to both increases and decreases in 
discrepancy without using a local feedback term. The next 
chapter describes experiments verifying autonomous motion 
pattern switching using the extended control law with 
sigmoid-based phase-difference adjustment. 

V. MOTION SWITCHING EXPERIMENTS BASED ON  SIGMOID 

FUNCTION 

This chapter describes experiments applying the control law 
with sigmoid-based phase-difference adjustment to the pump 
for autonomous decentralized control. The experiments verify 
whether the motion pattern autonomously transitions to 
peristaltic motion under conditions where content fluidity 
decreases during mixing. 

A. Experiment Overview 

The experimental setup was the same as that shown in Fig. 1. 
The applied pressure, flow sensor sampling period, 
commanded integrated airflow amplitude n, natural frequency 
ω, feedback gain ε for the phase-difference setting term, and 
total pump operation time were set as in Chapter 4. Based on 
preliminary experiments with the pump operating in an empty 
state, the constants in the sigmoid function of Eq. (7) were set 
to A = 2π/3, B = 26, and C = π/3. 

The mixing materials were 200 mL of commercial 
polyvinyl alcohol (PVA) laundry glue and 100 mL of borax 
solution prepared by dissolving 5 g of borax in 100 mL of 
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Fig. 7  Schematic diagram of the experimental sample (Polyvinyl 

alcohol (PVA) solution and  borax solution) and pressing force 
measurement points  

 

 
Fig. 8  Time-lapse visualization of the pump’s motion pattern during 
the experiment, showing the cyclic occlusion and release of each unit. 

(1st trial) 
 
water. Each was sealed in a polyethylene bag (70 × 350 mm). 
When loaded into the pump, the PVA was positioned on the 
Unit 1 side, as shown in Fig. 7. 

To evaluate changes in content hardness before and after 
mixing, each bag was compressed with a force gauge 
(Measurement section area: φ12 mm) to measure the 
maximum compression force. Measurements were taken three 
times at each of three points (a, b, and c in Fig. 7). Comparing 
the forces before and after mixing allowed quantitative 
evaluation of hardness changes caused by the pump’s mixing. 

When PVA and borax solution are mixed, a cross-linking 
reaction occurs between PVA molecules and borate ions, 
increasing viscosity through gelation. In the initial stage, high 
fluidity prevents occlusion from being hindered, resulting in 
small discrepancy and generation of mixing motion. As 
mixing progresses, gelation reduces fluidity and makes 
occlusion difficult, increasing discrepancy and causing the 
motion pattern to autonomously shift to peristaltic motion. 

To verify the reproducibility of motion switching, three 
pump operation trials were conducted with the contents loaded. 
Hardness evaluation by compression force measurement was 
performed in two of these trials. 

In this experiment, ω = π/3 [rad/s]. According to the 
definition of peristaltic motion in Section 2.B, the 
convergence condition for peristaltic motion is that the phase 
differences θi+1-θi of at least three out of the four units 
converge to π/6 ≦ θi+1-θi ≦ π/2 and remain in this range for at 
least 30 s. 

B. Experimental Results and Discussion 

From video recordings of the first trial, the pump operation 
at different times is shown in Fig. 8. For the first 20 s after 
startup, all units operated in phase. From 20 to 155 s, the units 
supplied and exhausted air at different timings, producing a 
random mixing motion. After 155 s, Units 2–4 maintained 
peristaltic motion, while Unit 1 continued mixing motion with 
a different phase. However, inspection of the mixed sample 
revealed that the hardened material was not concentrated on 
the Unit 4 side but remained as small lumps scattered within 
the bag. 

Fig. 9 visualizes the phase changes of each unit in the first 
trial using a gradient from white (0 rad) to black (2π rad). Each 
unit is assigned a different gradient color (red: Unit 1, blue: 
Unit 2, green: Unit 3, yellow: Unit 4). One stripe represents a 
single supply–exhaust cycle, and the offset between stripes 
indicates the phase difference between adjacent units. The 
results show that until 20 s, there was no offset, indicating 
in-phase motion. From 20 to 155 s, stripe offsets appeared, and 
all units operated at different timings, producing mixing 
motion. After 155 s, the stripes of Units 2–4 were arranged at 
regular intervals, indicating peristaltic motion, while the phase 
difference between Units 1 and 2 increased, showing that Unit 
1 continued independent mixing motion. 

Fig. 10 shows the time variation of phase differences 
between adjacent units for all three trials. The horizontal axis 
indicates time from the start of operation, and the vertical axis 
shows the phase difference between adjacent units. In all trials, 
the phase differences were near zero immediately after startup. 
After 10 s, phase differences began to develop in the order 
θ2-θ3, θ1-θ2, and θ3-θ4, producing mixing motion. In Trial 1, at 
155 s, in Trial 2 at 203 s, and in Trial 3 at 283 s, both θ2-θ3 and 
θ3-θ4 reached the convergence condition for peristaltic motion, 
confirming a transition to peristaltic motion in Units 2–4. In 
contrast, θ1-θ2 converged to π rad in all trials, indicating that 
Unit 1 continued mixing motion throughout. These results 
confirm that the transition from mixing to peristaltic motion 
occurred in all trials, demonstrating the reproducibility of 
motion switching with the proposed control law. 

Fig. 11 shows the maximum compression force 
measurements before and after mixing for Trials 2 and 3. In 
both trials, the maximum compression force increased at all 
measurement points, quantitatively confirming hardening of 
the contents. In Trial 2, the increase was largest in the order c, 
b, and a from the borax solution side. In Trial 3, the largest 
increase occurred at the central point b, with smaller increases 
at a and c. 

From the above, the motion pattern changes of the pump 
can be interpreted as follows. For the first 20 s, the high 
fluidity of the contents allowed unobstructed occlusion, and 
all units operated in phase. After 20 s, occlusion in the tube 
caused the low-viscosity borax solution to flow toward and 
mix with the PVA on the Unit 1 side, producing hardened 
material. This likely hindered occlusion in Units 1 and 2, 
increasing discrepancy and thus increasing θ2-θ3 and θ1-θ2.  
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Fig. 9  Time series data of the phase angle θ for each unit during the experiment (1st trial) 

 

 
Fig. 10  Time-series transition of phase differences between adjacent 

units and visualization of motion switching 
 
Subsequently, hardening also progressed on the Unit 4 side 
due to mixing of borax solution and PVA, which likely caused 
θ3-θ4 to begin increasing in the same manner. 
Next, in Units 2–4, continued discrepancy increase due to the 
hardened mixture, combined with the action of the sigmoid 
function linked to ψᵢ, likely caused θ2-θ3 and θ3-θ4 to shift 
toward convergence at ω (=π/3), resulting in peristaltic motion 
in these units. In contrast, the PVA in Unit 1 had higher 
viscosity than the borax solution, and even after mixing 
motion was generated, part of the PVA likely remained in the 
unit. This would have limited the increase in discrepancy, 
causing Unit 1 to maintain mixing motion until the end, with 
its phase difference converging toward π. 

In Trial 3, the transition to peristaltic motion took longer 
than in Trials 1 and 2. This is presumed to be due to significant 
hardening of the contents near Unit 2, which occluded the tube 
and restricted solution flow. As a result, mixing progressed 
more slowly, leaving unmixed regions at the ends of the bag. 
Consequently, as shown in Fig. 11(b), the changes in 
compression force at points a and c near the bag ends were 
smaller than at point b in the center. 

Another possible reason the contents were not fully 
transported to the Unit 4 side by the peristaltic motion of Units 
2–4 is that the occlusion actions may have caused the 
hardened mixture to break apart, making continuous gripping  

 

 
Fig. 11  Comparison of maximum pressing force at each 

measurement point before and after mixing in the 2nd and 3rd trials 

 
and transport, as with a rigid rod, difficult. This likely led to 
uneven distrib ution of the contents and resulting bias in the 
measured changes in compression force. 

C.  General Discussion 

These experiments confirmed that the proposed 
autonomous decentralized control law using a sigmoid 
function can autonomously switch from mixing to peristaltic 
motion in response to changes in content properties. The phase 
difference was adjusted according to discrepancy changes 
caused by hardness variation during mixing, and reproducible 
motion switching was observed in all three trials. In particular, 
the phase differences of Units 2–4 converged to π/6–π/2, 
generating peristaltic motion, while Unit 1 converged to π due 
to residual unmixed PVA, resulting in continued mixing 
motion. 

These results demonstrate that the proposed method enables 
phase synchronization even when discrepancy increases—a 
capability difficult to achieve with conventional local 
feedback control [19]—and thus contributes to expanding the 
applicability of autonomous decentralized control methods in 
soft robotics to diverse environmental changes. 

As a remaining challenge, partial hardening or breakage of 
the mixture made continuous transport difficult, causing the 
contents to stagnate. To address this, future work will use 
machine learning based on pressure, flow rate, and other 
measurements to estimate material properties in detail, and 
adaptively control parameters such as applied pressure, 
operating frequency, and feedback gain to improve robustness 
and mixing–transport efficiency. In addition, since the 
nonlinear function type and sigmoid parameters in this study 
were selected empirically, future work will also consider 
selecting functions based on material properties and 
optimizing parameters using the aforementioned machine 
learning approach. 

Furthermore, although this study verified the performance 
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of the control law using only PVA and borax solution, future 
work will evaluate the proposed method with different types 
and compositions of contents, and quantitatively compare it 
with existing methods in terms of motion transition time, 
mixing rate, and energy efficiency. In addition, fluid–structure 
interaction (FSI) simulations and theoretical validation based 
on physical modeling of the contents will be conducted to 
further develop the control law for broader applicability. 

VI. CONCLUSION 

This study proposed an autonomous decentralized control 
law using a sigmoid function, enabling autonomous switching 
from mixing to peristaltic motion for mixed materials with 
changing properties. Experiments with PVA and borax 
solution showed that the phase difference was appropriately 
adjusted according to discrepancy changes caused by 
hardening, and reproducible motion switching was achieved. 
The method enabled phase synchronization during 
discrepancy increase—a challenge for conventional local 
feedback control—demonstrating its effectiveness as a control 
approach adaptable to diverse physical changes. 
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