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Abstract— To enhance the energy-intensive mixing of highly
viscous biomass in solid-state anaerobic digestion (SS-AD), a
novel peristaltic bioreactor inspired by intestinal peristalsis was
developed. The reactor uses rotational flow and negative
pressure inflow to enhance the mixing efficiency. A prototype's
performance was evaluated using a simulated biomass (total
solids = 40%), and the mixing progress was quantified using a
mixing index. The experimental results showed that the
proposed rotational flow achieved complete mixing, unlike
conventional axial flow. Furthermore, the application of
negative pressure accelerated the mixing time from 5.2 min to
3.1 min. These findings validate our intestine-inspired approach,
demonstrating its potential for developing compact and energy-
efficient SS-AD systems.

I. INTRODUCTION

To achieve sustainability, the circular utilization of organic
waste (hereinafter, biomass) is required to generate biogas for
energy use via anaerobic digestion (AD) [1-2]. However, the
widespread adoption of conventional methods has been
hindered by limitations such as large facility footprints and
low energy yields [3-4].

AD is a biochemical reaction in which specific groups of
microorganisms, capable of growing in an anaerobic
environment with a low oxygen concentration, biodegrade the
nutrients in biomass to synthesize methane and carbon dioxide
via intermediate products such as acetic acid and lactic acid
[5]. As an example of the AD process, Fig. 1 shows a
schematic of the Kompogas system. This system consists of
three stages: pretreatment, fermentation, and digestate
disposal. First, the total solid (TS) content is adjusted via
dilution in the pretreatment stage, and the resulting biomass
slurry is fed into the reactor by a pump. Subsequently, during
fermentation, the biomass is reacted while being mixed with
microorganisms in an anaerobic bioreactor, and biogas is
generated and recovered while process monitoring using
sensors and sampling. Finally, in the digestate disposal stage,
the biomass after fermentation (hereinafter, digestate) is
discharged by an external pump. Thus, the transport for pre-
and post-treatments and the mixing for fermentation are
separate steps in the batch process [6-7].
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AD methods are categorized by the TS content of the
biomass after pretreatment. Liquid-state AD (LS-AD) is used
on the biomass with a TS content of approximately 10%, while
solid-state AD (SS-AD) is applied to biomass with a TS
content ranging from 15% to 40%. The biomass becomes more
viscous, reduces in volume, and behaves as a non-Newtonian
fluid with an increasing TS content. This property allows LS-
AD to be energy-efficient during mixing and transport but
requires larger reactors and leaves a greater facility footprint.
Conversely, SS-AD offers the advantage of smaller, space-
saving reactors but suffers from a high energy consumption
during mixing and conveyance [3-4]. Therefore, the lack of a
system that is both space- and energy-efficient remains a
barrier to the broader implementation of AD. Existing reports
indicate that 60% of the total energy consumed in an AD plant
is owing to mixing during digestion, and 15% is owing to
transport for pre-/post-treatment [8-9]. Because these are
treated as separate operations in conventional systems, the
overall energy consumption is higher. These findings suggest
that integrating the mixing and transport processes in SS-AD
can provide a solution to this challenge. Nevertheless, a
bioreactor system capable of concurrently mixing and
conveying high-solids biomass in the AD process has not been
developed.

This study aims to establish a space-saving and energy-
efficient AD system by developing an SS-AD reactor that
imitates intestinal movement when mixing and transporting
high-solids biomass. The intestine is composed of a flexible
muscle layer, which generates flow through volume changes

Digestive
fluid tank

Mixing

Digestate disposal

Figure 1. Flow in the Kompogas system [6]
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Figure 5. Image of the AD plant model employing a peristaltic bioreactor

owing to the contraction and relaxation of muscles when
mixing and transporting the food bolus, which enhances
microbial reactivity [10]. Based on this biological mechanism,
several intestinal reactors wherein mixing is done by
generating axial squeeze flow through in-tube extrusion, as
shown in Fig. 2, have been proposed [11-17]. However,
mixing via axial flow generation depends on the fluidity of the
target fluid, and the mixing time increases for the high-solids
biomass targeted by SS-AD. In fact, based on the relationship
between gas production and energy consumption, 15 mins of
mixing per hour is recommended in AD [18-19], whereas an
existing model of the intestinal reactor required 40 mins of
mixing for biomass with a TS of 35% [17].

In a previous study, a model wherein the inner rubber tube
for extrusion is independently driven in the axial and rotational
directions through the expansion of externally placed artificial
muscles was proposed (Fig. 3). The addition of a rotational
degree of freedom was found to contribute to an increase in
the degree of mixing [20]. Therefore, the generation of
rotational flow is expected to achieve the mixing of high-solids
biomass, the target of SS-AD, within 15 mins. However, in
this model, the stiffness of the rubber tube hindered the
extrusion by the artificial muscles, causing a reduction in the
flow volume. Furthermore, although occlusion is performed
using an active force owing to pneumatic pressure, the opening
depends on the passive, elastic recovery force of the rubber
tube. However, this force is small compared to that used for
occlusion; thus, the shape of the deformed tube is sometimes
not restored when the contents are highly viscous.

This study proposes an SS-AD system that utilizes
intestinal movement and represents a prototype of the lab-
scale intestinal-motility SS-AD reactor used in this system,
which is capable of generating rotational flow (Fig. 4). This
prototype has a structure where the elastic expanding section

deformation

Figure 3. Peristaltic mixing conveyor with rubber tube
independent deformation mechanism[20]

Figure 4. Prototype of the peristaltic bioreactor
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is in direct contact with the contents, and its opening and
closing motions can be actively controlled by applying
positive and negative pressure. This design resolves the issues
found in the previous study of expansion inhibition and an
insufficient opening force and aims to achieve the mixing of
high-solids biomass within 15 mins. Therefore, as an initial
investigation, mixing experiments were conducted using a
simulated biomass, and the applicability of this prototype to
SS-AD was discussed based on the results.

This paper is organized as follows. Section 2 describes the
concept for an SS-AD system that utilizes intestinal motion.
Section 3 presents the concept and configuration of the
prototyped peristaltic SS-AD bioreactor. Section 4 details the
mixing experiments using a simulated biomass, and Section 5
outlines the conclusions.

The contributions of this paper are as follows:

- The proposal of an SS-AD system that utilizes
intestinal motion.

- Verification of the effect of rotational flow generation
as an application of intestinal motion on mixing.

- Investigation of the influence of volume changes
caused by the application of negative pressure on the
degree of mixing.

II. CONCEPTUAL DESIGN OF THE SS-AD SYSTEM DRIVEN
BY INTESTINAL PERISTALSIS

A conceptual diagram of the AD system that utilizes
intestinal movement is shown in Fig. 5. This AD system model
is composed of a biomass tank, a biogas holder, and a digestive
fluid tank as the storage equipment; a biogas compressor as the
power equipment; an intestinal-motility reactor as the reactor
and transport equipment; and a sensing unit and solenoid
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control equipment,

In this system, the biomass is continuously mixed and
transported by the driving motion of the peristaltic bioreactor.
High-pressure biogas, pressurized by a compressor and
supplied through a solenoid valve, is used to drive the device,
and the biogas used for driving is stored again in the biogas
holder. In addition, the gas permeability of the expanding
silicone rubber is used to replace the gas inside the reactor with
biogas, thereby creating anaerobic conditions. A sensing unit
placed between the units analyzes the contents through biogas
recovery and sensor and internal liquid sampling and monitors
the processing status.

The next section describes the concept of the AD reactor
used for mixing in the proposed system and its fabricated
prototype. The following sections act as an evaluation test of
the fabricated prototype, and describe a mixing test for high-
solids biomass using a single unit of the prototype in a sealed
environment that simulates anaerobic mixing conditions.

III. PERISTALTIC AD BIOREACTOR

A. Concept of peristaltic AD reactor

Fig. 6 shows the concept of the reactor used in the AD
system proposed in this paper, which utilizes intestinal
movement. As shown in Fig. 6(a), the application of positive

(b)  Side view
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Under frame
(b)  Assembly model of the actuator

o
L

(b)  Driving view

Silicone rubber

and negative pressure to the chamber space between the outer
wall and rubber parts, which are arranged on an inner wall
divided into 120-degree sections, generates the active
expansion and contraction of the rubber parts to extrude the
contents. By adjusting the phase of pneumatic pressure
application, rotational flow is generated via independent
extrusion from three directions, as shown in Fig. 6(b).

B. Prototype of the peristaltic AD bioreactor

Fig. 7 shows a 3D CAD diagram of the peristaltic
bioreactor based on the concept described above, along with
the configuration of the actuator placed inside it. Fig. 8 shows
the external appearance and operation of the fabricated reactor.
As shown in Fig. 7(a), this reactor is composed of an actuator
with an expanding section made of silicone rubber, a resin
flange, and an outer layer made of an acrylic pipe. The
structure of the actuator, as shown in Fig. 7(b), is a three-stage
structure with two types of resin fixtures and a silicone rubber
layer. The silicone rubber section expands when pneumatic
pressure is applied through an air hole in the upper fixture. The
external appearance of the fabricated reactor, sealed with a
silicone gasket and a flange lid, is shown in Fig. 8(a), and its
operation is shown in Fig. 8(b). Pneumatic pressure is applied
to the actuator through the air holes in the outer casing to
expand the silicone rubber and extrude the contents. During
this process, rotational flow can be generated by adjusting the
phase of the pneumatic pressure applied to each actuator.
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Figure 11. Mixing results under different driving conditions

IV. SOLID-STATE BIOMASS MIXING EXPERIMENT

A. Objective

This experiment was conducted using a single unit of the
peristaltic bioreactor to verify the mixing enhancement effect
of rotational flow and increased volumetric change owing to
negative pressure application within a sealed state, simulating
anaerobic conditions. A mixing degree test was performed
using simulated biomass with a TS of 40%, which is the
maximum TS targeted by SS-AD.

B. Materials and Methods

The experimental setup is shown in Fig. 9. Positive
pressure was applied by supplying compressed air from a
compressor through a regulator to a 3-port solenoid valve
(SMC VT307-5G1-01-F), while negative pressure was applied
to the solenoid valve by supplying compressed air through a
regulator to a vacuum generator. The peristaltic bioreactor was
then driven by switching between positive and negative
pressure application by changing the solenoid valve's flow
path. The flow path of the solenoid valve was controlled using
a microcontroller (Arduino UNO R3), and a pressure sensor
(CKD PPX-R01P-6M) was used to measure the positive and
negative pressure values. For the experimental sample, a
simulated biomass was used and was prepared by shearing 35
g of dog food with a TS of 72.3% to a particle size of less than
2 mm and then diluting it to adjust the TS to 40%. To visualize
the state of mixing, the simulated biomass was divided into
two equal halves, dyed white and black, and arranged in two
layers.

The driving conditions comprised a 6 s cycle that consisted
of a 3 s operating time and a 3 s resting time, with pressurized
air at 70 kPa and negative pressure air at -40 kPa. A total of
150 cycles were performed, which corresponds to the 15 min
mixing completion time required for AD. One trial experiment
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=Negative Air pressure

L4
Figure 10. Experimental driving conditions
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Figure 12. Changes in the experimental sample over cycles for each
driving condition

was conducted for each of the four driving conditions shown

in Fig. 10.

- Case 1: Rotational flow with negative pressure suction
- Case 2: Rotational flow without negative pressure
suction
- Case 3: Axial flow with negative pressure suction
- Case 4: Axial flow without negative pressure suction
To evaluate the mixing progress, still images were
chronologically extracted from video data acquired by a
camera placed above the device during the 3 s rest period of
each cycle and quantified using image analysis. As the colored
biomass, which is arranged in two layers, transitioned to a
single color during mixing, the variance in the brightness
values was obtained, and the degree of mixing was evaluated
based on the uniformity of the color. As a preprocessing step,
brightness values derived by adding an offset of 10 gradations
to the maximum and minimum brightness of each initial image
were used as a threshold and removed as noise. This threshold
was determined to effectively mask the actuator regions,
which have brighter surfaces than the simulated biomass,
thereby isolating the biomass area for accurate mixing
evaluation. The mixing index (MI), shown in Equation (1),
was used as the evaluation index [21-22].

2
0' (oF

MI = H x 100 [%)] €))
(1) f

Here, ov?, 6%, and of are the variances in the brightness of
the evaluation image before mixing (t = 0), at an arbitrary time
t, and in the completely mixed state, respectively. The
unmixed state is represented by an MI = 0% (v’ = ov’), and
the uniformly mixed state is represented by an MI = 100% (o
= o). In this experiment, the variance in the brightness of a
sample image representing thorough mixing with a spoon (o¢
= 10.78) was defined as the completely mixed state, and
mixing was considered complete when the MI reaches 100%.
Additionally, the MI can become a negative value if a
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brightness variance exceeding that of the initial state is
calculated owing to noise from segregation or reflected light.
In this experiment, if the MI < 0, no mixing progress was
considered to have occurred. Additionally, all image
processing and numerical calculations were performed using
MATLAB (ver. 2024b, MathWorks).

C. Experimental Results and Discussion

Fig. 11 shows a graph of the relationship between the
number of cycles and MI for each driving condition, and Fig.
12 shows the mixing process of the sample images under each
driving condition. The MI in Cases 1 and 2, which generated
rotational flow, is a negative value in the initial cycles but then
immediately increases monotonically, reaching 100% and
completing mixing at 31 cycles (equivalent to 3.1 min) in Case
1 and at 52 cycles (5.2 min) in Case 2 (Fig. 11). In contrast,
Cases 3 and 4, which generated axial flow, exhibit a negative
MI value from the initial stage of mixing, and the MI does not
increase, failing to reach 100% within 150 cycles, which
resulted in incomplete mixing. Furthermore, the sample
images in Fig. 12 show that in Cases 1 and 2, the dual-colored
simulated biomass can be observed transitioning to a single
color as the number of cycles increases. In contrast, in Cases 3
and 4, although some flow of the simulated biomass to the
center occurred, the sample accumulated in the central position
and between the expanding sections of the actuator, which
maintained the two separate colors.

The difference in the mixing progress between rotational
and axial flow is caused by the inhibition of actuator expansion,
which is caused by a rise in the internal pressure within the
sealed peristaltic bioreactor. In axial flow, wherein all
actuators are simultaneously expanded, the internal pressure,
coupled with the viscous resistances of the high-solids
biomass, acts as a reaction force that physically inhibits the
expansion of the silicone rubber, thereby reducing the
extrusion volume required for flow generation. In contrast, in
rotational flow, wherein single actuators are sequentially
driven, complete mixing was achieved because the increase in
the internal pressure was smaller compared to that of axial
flow, making it possible to maintain the extrusion volume.

Fig. 13 shows the difference in the flow state owing to the
application of negative pressure. In Case 2, flow resistance
occurred owing to the elastic restoring force of the silicone
rubber. However, in Case 1, the flow resistance was reduced
by the deformation of the silicone rubber owing to the
application of negative pressure. In addition, the simulated

Cycle 2

biomass flowed into the deformed volume of the silicone
rubber, amplifying the flow volume during the application of
positive pressure. The difference in the mixing time of
approximately 2 mins between Cases 1 and 2 is considered to
be due to the reduction in the flow resistance and the increase
in the flow volume owing to the application of negative
pressure.

Therefore, the effectiveness of generating rotational flow
and increasing the flow volume by applying negative pressure
under sealed conditions was demonstrated.

V. CONCLUSION

In this study, an SS-AD system that uses peristaltic
movement was proposed with the aim of establishing a space-
saving and energy-efficient AD system. A prototype SS-AD
reactor capable of generating rotational flow was modeled
based on intestinal movement, and its effectiveness was
verified. Simulating anaerobic conditions, a mixing test was
conducted under a sealed environment using a simulated
biomass with a TS of 40%, the maximum for SS-AD.
Consequently, compared to the required mixing time of 15 min,
mixing was achieved in 5.2 min through rotational flow and in
3.1 min with the increased flow volume owing to negative
pressure application. These results demonstrate the
applicability of the fabricated peristaltic bioreactor for SS-AD.

Although mixing is possible using a single unit, the
feasibility of mixing when connected units are used has not yet
been verified. In this study, only one trial was conducted per
condition, which limits the statistical validation of the results.
Therefore, future work should include multiple trials (n>3) to
establish the statistical significance of the mixing time
reduction by negative pressure application. Furthermore,
because there are various driving patterns when multiple units
are connected, a pattern that is particularly suitable for SS-AD
could exist. Therefore, in the future, three connected units
should be used to conduct mixing tests using a driving pattern
that combines rotational and axial flow. This should be done
to verify the feasibility of mixing using multiple connected
units and to validate a mixing motion pattern suitable for SS-
AD.
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