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An Enhanced Soft Growing Robot with Mixed-Layer
Jamming for Superior Load Capacity and

Improved Mobility
Zheyu Li, Kui Sun , XueAi Li , Yanjiang Zou , and Hong Liu

Abstract—Soft robots have gained widespread attention due to
their lightweight nature and inherent safety. Among them, soft
growing robots (SGRs) are inspired by the growth mechanism of
vines, achieving movement through tip eversion. However, their
load-bearing capacity remains a significant challenge due to mate-
rial limitations. The stiffness modulation approach based on layer
jamming is constrained in high-curvature tip regions, preventing
it from fully exhibiting its potential in unstructured environments.
In this letter, motivated by enhancing the load-bearing capacity of
SGR and optimizing their tip motion performance, we propose a
novel mixed-layer soft growing robot (MLSGR) and introduce an
innovative modification to the conventional layer jamming fabrica-
tion method. Furthermore, we establish a more accurate kinematics
model and, for the first time, propose a statics model to characterize
tip behavior. Experimental results demonstrate that, compared to
previous work, MLSGR exhibits more than twice in load capacity,
a 9% reduction in energy consumption and mechanical resistance
for tip growth, a 17% improvement in tip retraction capability,
and a 41.2% enhancement in kinematic model prediction accuracy
(MAPE).

Index Terms—Flexible structures, inflatable robot, mechanism
design, soft robotics, stiffness control.

I. INTRODUCTION

SOFT robots, due to their multi-degree-of-freedom char-
acteristics, often outperform rigid robots in unstructured

environments. This flexibility, however, introduces challenges
in locomotion and manipulation [1], [2]. Soft growing robots
(SGRs), inspired by vines in nature, achieve motion through tip
extension while ensuring that the elongated sections do not inter-
act with the surrounding environment. This unique locomotion
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TABLE I
OVERVIEW OF RELEVANT VARIABLE STIFFNESS METHODS

strategy has garnered significant attention [3], [4], [5]. Similar
eversion mechanisms have also been applied in soft inflatable
fingers [6], [7], with comparable investigations into geometric
and material parameters. Although SGRs present a novel ap-
proach to robotic movement, there remains a substantial research
gap in their control. In many studies, actuators in soft robots
are directly mapped to their controllable degrees of freedom
[8], [9], [10], yet this approach increases structural and control
complexity. The inherent compliance of soft robots makes them
prone to unintended buckling in real-world applications, further
complicating precise motion execution and stability.

Active stiffness control allows soft robots to achieve a greater
number of controllable degrees of freedom without increas-
ing the number of actuators [11]. Variable stiffness techniques
enable soft robots to transition between compliant and rigid
states, significantly expanding their potential applications. The
commonly used stiffness modulation strategies can be broadly
categorized into two groups: antagonistic mechanisms, exem-
plified by jamming, and direct material stiffness modulation
like shape memory materials (SMMs) and low melting point
materials (LMPMs). As shown in Table Ⅰ, six representative
variable stiffness methods with higher refinement frequently
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applied in soft robotics are outlined. To facilitate comparison.
Some indicators in Table Ⅰ are drawn from textual data [12],
[13], [14], [15], [16], [17], [18], while others are approximated
from figures [11], [19], [20], [21], [22], [23].

Layer jamming occupies minimal space, is easy to fabri-
cate, and offers a fast response time, making it a promising
technique for enhancing the applicability of soft robots in ex-
ploration scenarios, including task-specific design optimization
approaches for goal-oriented exploration [24]. Nevertheless, a
notable limitation is that, despite efforts to exert large forces
on the environment [25], load-bearing capacity has not been a
primary consideration in soft growing robot research. Due to
the high curvature at the tip during the extension process [20],
the presence of jamming layers can severely affect the eversion
dynamics of the structure.

This study aims to pave the way for the high-redundancy
design of SGR prototypes, enabling it to conduct exploratory
tasks under certain external disturbances while minimizing the
adverse effects of variable stiffness methods on tip mobility.
In this work, we propose a novel and enhanced soft growing
robot, termed the mixed-layer soft growing robot (MLSGR),
which combines sandpaper and printing paper layers to realize
jamming-based stiffness modulation. The structural design of
MLSGR deliberately partitions the main body into three distinct
sections, identifying the smallest functional unit—the layer as-
sembly. To the best of the authors’ knowledge, no prior research
has investigated the impact of layer jamming on SGRs from the
perspective of mixed-layer structural design and modular layer-
level mechanical analysis. We conducted a mechanical char-
acterization of three different layer assemblies and determined
the optimal configuration, which was subsequently validated to
enhance both tip mobility and load capacity. A robot housing and
a tip detection module were subsequently designed to improve
the system integration of MLSGR. The fixation method of the
layer assemblies was optimized, and comparative experiments
were conducted to evaluate its effectiveness. The kinematic
model of MLSGR was established, and, for the first time, a tip
statics model under layer jamming conditions was formulated
to provide theoretical support for tip mobility.

The main contributions of this paper are as follows:
1) A novel mixed-layer jamming structure combining sand-

paper and printer paper, exhibiting enhanced load-bearing
capacity compared to homogeneous layer structures;

2) An innovative layer fixation approach using heat-sealing
techniques for enhanced tip mobility;

3) A kinematic model with improved prediction accuracy and
a newly developed tip statics model accounting for layer
assemblies.

II. DESIGN

A. Soft Growing Robots Design

As shown in Fig. 1, we have designed an enhanced soft
growing robot capable of three-dimensional steering, growth,
and retraction while carrying a payload, with stiffness control
based on layer jamming, selected for its fast response, minimal
added mass, and actuation simplicity.

Fig. 1. Snapshots of MLSGR demonstrating its ability to counteract its own
weight while carrying a tip-mounted sensing device in various postures.

Fig. 2. A labeled cross-sectional view of the MSLGR, including two different
layer assembly structures.

As pressure differences increase, the layers adhere more
tightly, allowing rapid transitions between flexible and stiff state.
While these previous studies have improved the manipulability
of SGRs [11], [24], their contributions to load capacity en-
hancement remain limited. When extended to greater lengths,
they compromise load-bearing capacity and increase control
complexity.

Significant tip curvature changes during growth and retrac-
tion, interfering with the layer-jamming method and hindering
eversion or inversion. To address this, we improved the layer-
jamming method by using a mixed-layer design, combining
sandpaper and printer paper. This combination was chosen
because sandpaper’s higher surface friction enhances stiffness
when jammed, while printer paper provides flexibility in the
unjammed state. This approach reduces space occupation in
specific areas, enhances eversion and inversion performance,
and improves load-bearing capacity.

As shown in Fig. 2, the MLSGR is divided into three main
components. The first is the main body, resembling an inflatable
tubular balloon, has a double-layer structure with inner and outer
walls. Initially, the tip folds inward, like a rolled-up cuff. The
second component is the layer assembly, located between the
inner and outer walls, dividing the main body into several units.
Each unit contains multiple layer assemblies of two types: Layer
Assembly 1 (LA1) and Layer Assembly 2 (LA2). Due to the
difference in the number of layers used, LA1—composed of a
mixture of printing paper and sandpaper—has only 50% of the
thickness of LA2, which is made solely of printing paper. Both
the sandpaper and printing paper have a thickness of 0.1 mm
per sheet. The third component is the tendon-driven unit, which
enables steering of the MLSGR through tendon contraction.

According to Fig. 3, the steering principle of the MLSGR is
based on adjusting the pressure differential between units. In
this setup, vacuum is applied to the non-steering units, and the
pressure in the steering unit is adjusted to match the pressure in
the main body. As a result, the stiffness of the steering unit is
minimized, allowing steering via tensile tension.
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Fig. 3. Design principle of the steering method. (A) A soft growing robot
is discretized into sections due to the stiffness control method. (B) Different
steering effects are achieved by altering the jammed regions.

Fig. 4. 3D model of the housing and its components. (A) Isometric view
of the overall MLSGR system. (B) The spatial distribution of three areas. (C)
3D models of the three sections: (i) Section A is the pneumatic control unit
area, which houses various pneumatic control components; (ii) Section B, used
for storing the body material of the MLSGR; (iii) Section C controls MLSGR
steering with three actuators evenly spaced at 120°.

B. Robot Housing Design

This section introduces a 3D-printed airtight and multifunc-
tional robot base made of photosensitive resin, which is func-
tionally divided into three areas designated for the integration
of electrical, pneumatic, and structural components.

Area A: Houses multiple pneumatic components, including
electromagnetic proportional valves, pressure sensors, and a
pressure-reducing filter valve.

Area B: an airtight area containing a servo motor serves as the
length control unit.

Area C: Equipped with three drive units that apply tensile force
to tendons, enabling MLSGR steering.

Fig. 4 illustrates the 3D model of the base, with the MLSGR
retracted inside it, as well as the individual components of the
base. The MLSGR is about 1.2 m, but its theoretical length can be
much greater. The maximum length is determined by the volume
of Section B, allowing a considerable length of MLSGR to be
stored within a 30×40×35 cm space.

C. Tip Mount Design

SGR achieves tip motion through eversion, making the stable
installation of tip devices an important area of research. The tip
detection device in Fig. 5 must accommodate the conversion
between the outer wall and tail materials during the arm’s
extension and retraction, while avoiding excessive weight that
could compromise the stability of detection.

Fig. 5. Overview of tip mount design.

Fig. 6. Fabrication of two different dual-joint prototypes. (A) Pre-cut layers
and TPU-coated 70 denier ripstop nylon. (B) MLSGR prototype (B1) uses LA1
and LA2, with the outer contours sealed by heat sealer-1 and gaps sealed by
a smaller heat sealer-2. The IBR prototype (B2) utilizes LA3, secured with
adhesive tape, with the outer contour sealed using heat sealer-1, while the gaps
between layer assemblies remain untreated. (C) Unfolded views of the MLSGR
dual-joint prototype (C1) and the IBR dual-joint prototype (C2).

The total weight of the device is less than 80 g, and it features
a fastener-free fixation design where magnets provide stability.
During the tip’s extension and retraction, the cylindrical magnets
roll relative to each other, ensuring the device remains securely
fixed at the tip. The external support frame of the device is in
contact with the outer wall of the inflatable arm, exposed to
ambient conditions, while the internal support frame is in contact
with the inner wall, located within the SGR pressurized region.
Experimental results confirmed that the device can be securely
installed at the tip at an extension speed of 2 cm/s and a retraction
speed of 1.5 cm/s. The miniature camera, with a diameter of
approximately 4.3 cm, is attached to the mounting plate of the
external support frame using adhesive. The main body of the
device is 3D printed from photosensitive resin.

III. FABRICATION

Similar to how the design section divides the SGR into three
components, the fabrication section will also prepare materials
and equipment from three aspects: the MLSGR main body, layer
assemblies, and tendon-driven components.

To validate the proposed robot design, two dual-joint proto-
types were built: the MLSGR and the inflated beam robot (IBR),
which serves as a baseline configuration adapted from previous
work [11], [20]. Both prototypes have 72 total layers, with each
unit containing six layer assemblies to ensure consistency. Fig. 6
illustrates the fabrication process.

Both dual-joint prototypes feature an 80 mm diameter in-
flatable tubing made from TPU-coated 70D ripstop nylon, a
lightweight yet durable material, but their internal structures
vary. The MLSGR alternates between two layer types: LA1
(4 layers of paper and P8000 sandpaper in a paper–sandpaper–
sandpaper–paper sequence) and LA2 (8 layers of paper). For

Authorized licensed use limited to: Harbin Institute of Technology. Downloaded on October 06,2025 at 14:18:46 UTC from IEEE Xplore.  Restrictions apply. 

IEEE Robotics and Automation Letters (RA-L) paper, presented at ICRA 2026, Vienna, Austria. Cite as RA-L paper.



LI et al.: ENHANCED SOFT GROWING ROBOT WITH MIXED-LAYER JAMMING FOR SUPERIOR LOAD CAPACITY AND IMPROVED MOBILITY 8989

Fig. 7. The transition states of the multilayer structure from jammed to
unjammed.

the IBR dual-joint prototype, LA3 (6 layers of paper) is used
overall. To enhance load capacity, the width of each layer is set
to 30 mm, with a 5 mm gap between adjacent layer assemblies.
The length of each layer is 150 mm, slightly shorter than the unit
length to leave room for heat-sealing gap.

An important innovation in the fabrication process is the
replacement of tape-based fixation (TBF) of layer assemblies
with heat-sealing fixation (HSF) (Fig. 6). Prior studies [11], [20]
typically use tape and adhesive to secure layer assemblies. This
method prevents the displacement of layer assemblies during
movement, but a key issue is that during tip motion, the layer
assemblies inevitably undergo significant deformation, gener-
ating large stresses that hinder the tip’s motion and potentially
cause damage to the layer assemblies. Our goal is to maintain the
tip of the MLSGR compliant during extension and retraction,
while ensuring that the tip can achieve high stiffness when
needed. This section begins with a theoretical analysis based on
layer-jamming theory [26], which defines three states: pre-slip,
partial-slip, and full-slip.

As shown in Fig. 7, during the pre-slip stage, the axial shear
stress between layers remains subcritical, below the static fric-
tion threshold (μP). In the partial-slip state, the outer layers
behave similarly to the pre-slip state, while the internal layers
experience slip. In the full-slip state, slip occurs between all lay-
ers, resembling the state of the internal layers in the partial-slip
state.

The Euler-Bernoulli beam theory applies to describe the layer
assembly’s state [27], [28]. Under this assumption, the relation-
ship between the central deformation w of the layer assembly
and the applied force F is given by:

w = FL3/48EI (1)

where E is the Young’s modulus of the layer, and L is the length
of the layer, which is 150 mm in this paper.

The moment of inertia I can be expressed as:

Ipre−slip = b(nt)3/12 (2)

Ifull−slip = bnt3/12 (3)

Ipre−slip < Ipartial−slip < Ifull−slip (4)

where b is the width of the layer; t is the thickness of a single
layer; and n is the number of layers in the layer assembly.

Fig. 8 compares the unjammed layer assemblies of the
MLSGR (HSF-based) and IBR (TBF-based). The TBF layers
are sealed at the edges with adhesive tape, resulting in partial
constraint and limiting slip, whereas the HSF design allows

Fig. 8. The state of the layer assembly in MLSGR (A) and IBR (B) under
unjammed conditions.

Fig. 9. A general kinematic model and coordinate frames. ei is the unit vector
from the MLSGR cross-section center to the intersection point of the i-th tendon
drive module and the cross-section.

freer layer movement and achieves a full-slip state. The HSF
design results in a smaller moment of inertia and reduces the
force required for deformation. Consequently, the tip mobility
of MLSGR is theoretically superior to that of IBR.

The MLSGR is bent by applying a compressive force to the tip
or one side. 3D-printed resin stoppers (15mm long, 4mm outer
diameter, 1.5 mm inner diameter) guide tendons, which attach
from the tip’s stopper to a servo-controlled spool. By extending
the dual-joint prototype along its length, the MLSGR full-arm
eight-joint prototype is obtained.

IV. MODELING

A. Kinematic Model

The constant curvature assumption effectively simplifies the
kinematic modeling of continuum robots by reducing infinite
DOFs to a finite set [29], [30]. In the MLSGR, this assumption
remains valid as stiffness modulation divided it into N segments,
each maintaining constant curvature at the connections. Fig. 9
presents a general kinematic model and coordinate frames.

The Frenet-Serret formulas are applied to map configuration
space to task space. At any point p(s) on the MLSGR cen-
terline, a local coordinate system {p(s)− t(s), n(s), b(s)} is
defined. The initial coordinate system is {p0 − t0,n0, b0} =
{p(s)− t(s), n(s), b(s)}, where p0 coincides with the origin
o, and t0 coincides with the z-axis.

The MLSGR does not exhibit any torsional motion, so the
general expression of the equation can be derived:{

dt (s) /ds = κn (s)
dn (s) /ds = −κt (s) (5)

where κ(s) represents the curvature at any point p(s) on the
centerline of MLSGR.
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By applying the initial conditions, the mapping of the MLSGR
from the configuration space to the task space end-position
vector under the constant curvature assumption is given by:

pe =

⎡
⎣
(
Lr

θ − D0

2

)
cosψ (1− cosθ)(

Lr

θ − D0

2

)
sinψ (1− cosθ)(

Lr

θ − D0

2

)
sinθ

⎤
⎦ (6)

where Lr is the maximum arc length at the intersection of the
plane containing bending angle θ and the MLSGR main body.
We assume that Lr is constant during the motion of MLSGR.
D0 is the diameter of the MLSGR main body.

The inverse mapping from the task space position vector to
the configuration space is given by:{

θ = arccos
(

p2
z−p2

x−p2
y

p2
x+p2

y+p2
z

)
ψ = arctan2 (py, px)

(7)

By applying the initial conditions, the complete mapping from
the configuration space to the task space can be obtained:

o
eT =

[
o
eR pe

0T 1

]
(8)

Mapping configuration space to actuator space helps predict
MLSGR’s angular displacement under different forces. The
following can be derived:

qi = Lr − Li =
D0θ

2
[1 + cos (ψ − γi)] (9)

where qi is the contraction of the i-th tendon. γi is a param-
eter describing the distribution of tendons on the MLSGR,
γi = 2π(i− 1)/3.

By solving for q1, q2, and q3, the mapping from the actuator
space to the configuration space can be obtained.{

θ = 2 (q1 + q2 + q3) /3D0

ψ = arcsin
[√

3 (q2 − q3)
]
/q1 + q2 + q3

(10)

Based on the mapping between the configuration space and
the task space, the three-dimensional workspace of the eight-
joint MLSGR can be derived by combining (8) and (10).

This demonstrates the utility of the kinematic model for
verifying the range of motion during the design phase. The
model also aids optimal design by determining multiple Lr and
D0 combinations for a given end pose, and supports feedback
control by comparing real-time sensor data with predicted output
to adjust tendon contraction via task, configuration, and actuator
space mappings.

B. Tip Statics Model

The layer assemblies at the tip of the MLSGR undergo bend-
ing deformation, which generates a significant reaction force
that is fed back to the tip. As mentioned in Section III, a force
model is crucial for predicting the tip’s motion.

As illustrated in Fig. 10, the MLSGR tip’s axial cross-section
is assumed to be a semicircle with diameter R and center at
point O. A′ can be expressed in terms of the bending angle θ as
A′ = A · (1− cosθ)2/4 = π[R(1− cosθ)/2]2 .

A pressure-independent offset inversion force FI [31] re-
mains constant during tip growth and retraction, determined

Fig. 10. The tip statics model analysis includes: (A) force analysis of the
MLSGR’s multilayer structure; (B) force distribution of the tip material in the
XY plane; and (C) the front cross-section of the tip, where the dark blue region
represents the area occupied by the layer assembly.

by materials properties. The support force FN from internal
pressure acts on the layer assembly with a magnitude of half
P ·A′. Internal pressure compresses the non-everted material,
generating wall friction TT = μm fL′ [32], where μm is the
length-dependent friction coefficient and f is the normal force
exerted per unit length. The everted material, fixed to the base,
experiences a stabilizing force Tw. Layer friction during tip mo-
tion is Ffr = μnPA′ [33]. The everted portion of the MLSGR
consists of two regions: the semicircular region at the tip with a
length of R/2 and the extended portion l, with their sum equal
to L′.

The force balance in the y-direction and the tension balance
along the MLSGR body are shown as follows:

{
PA+ FN · sinθ + Ffr · cosθ = Tw + TT + Ffr

2FI + Tw + Ffr = TT + Ffr
(11)

The expression for the deformation w is:

w =
R

2

(
1− cos

θ

2

)
=

FL3

48EI
(12)

By solving the above equations, the relationship between
P and L′ is obtained. To provide a more detailed expres-
sion, this paper discusses two cases for the layer assembly:
A. Incomplete bending (0 < θ < π) and B. Complete bending
(θ ≥ π). We assume that when the tip length does not change,
the length of the everted MLSGR is Lorigin = l +R/2. For
0 < θ ≤ π/2,L′ = Lorigin + (R/2) ∗ sinθ; for π/2 < θ < π,
L′ = Lorigin +R− (R/2) ∗ sinθ.

⎧⎪⎪⎨
⎪⎪⎩

⎧⎨
⎩
P = 2μmfL′−2FI

A+A′
2 sinθ+μnA′(cosθ−1)

A′ =
48EI[R2 (1−cos θ

2 )]
PL3

P =
2μmfL′−2FI+

48μnEI

R2

πR2

(13)

Compared to state B, state A occurs only in a short phase of
MLSGR’s length change. In state B, length change is linearly
related to internal pressure P , and a larger moment of inertia
I requires higher P for the same elongation. This supports the
hypothesis in Section III, further confirming MLSGR’s superior
tip motion performance.
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Fig. 11. (a) Experimental setup for layer group testing. (b) Layer assembly
deformation under load and contact points between the gauge and layers.

Fig. 12. Force-displacement curves. (a) Three different samples under jammed
(−0.4 bar) and unjammed states (atmospheric pressure); (v) LA1 under different
vacuum levels, with LA2 and LA3 serving as baselines.

V. EXPERIMENTS AND RESULTS

A. Layer Assembly Testing Experiment

We built a testing platform as shown in Fig. 11 to evaluate the
mechanical properties of three different layer assemblies under
jammed (−0.2 bar,−0.4 bar,−0.6 bar,−0.8 bar) and unjammed
(atmospheric pressure) conditions. The same TPU-coated 70D
ripstop nylon used in the inflatable arm was cut to the appropriate
size and formed into pouches to encase the test assemblies, with
a tube inserted at one end. To enable controlled comparison,
all assemblies were clamped 120 mm from the bottom using a
custom fixture.

As shown in Fig. 12(a), LA1 and LA3 exhibit nearly identical
stiffness when unjammed, indicating that during tip extension
and retraction, their influence on the tip is similar. In con-
trast, LA2 demonstrates that simply increasing the thickness
of homogeneous layer assemblies can result in disproportionate
stiffness gains—only a one-third increase over LA3 leads to
nearly double the unjammed stiffness, compromising compli-
ance and tip mobility. In the jammed state (−0.4 bar), LA1
significantly outperforms LA3, with an average reaction force
of 0.171 N compared to LA3’s 0.137 N in the large deformation
region (displacement>35 mm), corresponding to approximately
1.25 times that of LA3’s stiffness. LA2 was incorporated into
the MLSGR to improve load-bearing capacity. Fig. 12(b) illus-
trates that LA1’s stiffness increases with vacuum level: under
high vacuum, it matches LA2 in the large deformation region
(>25 mm); under the low vacuum, LA1 aligns with LA3, despite
being only two-thirds as thick. This highlights the potential of
the mixed-layer design for stiffness enhancement.

B. MLSGR Load Capacity Experiment

Load capacity was tested by suspending different weights
at a distance of 27 cm from the housing and measuring tip
displacement. The same camera setup and positioning were

Fig. 13. (a) and (b) represent the initial and final states of MLSGR and IBR
under tip-load conditions, respectively.

Fig. 14. Displacement-payload curves of IBR and MLSGR under different
vacuum levels. A larger slope indicates lower stiffness, and MLSGR consistently
demonstrates superior load capacity. In the low-load region (payload<2.5 N),
the load capacities of MLSGR and IBR are similar. Load capacity rises with
vacuum level, with smaller gains at higher levels.

used, with a 4 × 2 mm grid paper background to enhance
visibility.

Fig. 13 presents the states of the MLSGR and IBR under a
tip load of 725 g. Notably, the tip deformation observed in the
MLSGR (0.5 cm) is substantially lower than that in the IBR
(1.2 cm).

Seven load sets were tested under three jamming levels with
the inflatable arm internal pressure held constant at 10 kPa, as
shown in Fig. 14. The MLSGR significantly outperforms the
IBR in terms of load resistance, especially under higher loads,
with stiffness more than twice that of the IBR when jammed at
atmospheric pressure. At other vacuum levels, the MLSGR also
exhibits superior load capacity.

C. MLSGR Tip Motion Experiment

Given the comparable structural dimensions and actuation
durations of two prototypes, we assess eversion and retraction
performance using input pressure and servo current, respec-
tively. Lower operating pressure or servo load (current I) for a
given motion length indicates reduced energy input to the system
and less mechanical resistance from the layer assembly, thereby
reflecting better overall performance. The growth length was
set to 1 cm (5 grid cells) to monitor pressure changes, and the
retraction length was set to 5 cm (25 grid cells) to obtain more
current readings for averaging.

The MLSGR operates at 6.1–9.8 kPa, while the IBR requires
6.7–10.6 kPa, achieving about 9% energy savings and confirm-
ing its excellent tip motion capability. According to the tip statics
model in Section IV, this lower-pressure extension persists until
full eversion, highlighting MLSGR’s superior tip motion.
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Fig. 15. Current-time curves for MLSGR and IBR in the tip retraction test.

Fig. 16. Model-experiment comparison between actuator space and configu-
ration space.

To further highlight MLSGR’s superior retraction, its internal
pressure (4.6 kPa) was increased by 31% over the IBR (3.5 kPa)
for testing. Prior to the experiment, the vacuum generator es-
tablished a vacuum pressure of −0.85 bar at the base joint
within approximately 0.16 s, thereby inducing the jamming state
to enhance stiffness and prevent unexpected buckling. Fig. 15
presents the current-time curves for the two prototypes. Using
an Arduino-connected host computer, 10 sets of current values
returned by the servo were recorded and averaged, with higher
current indicating greater load. MLSGR averaged 830 mA servo
current versus IBR’s 1000 mA, indicating a 17% improvement
in retraction performance.

D. Kinematic Model Validation Experiment

This section presents numerical simulations of the kinematic
model from Section IV, as well as models based on other
constant curvature assumptions [30], [34], and compares them
with experimental data to validate model effectiveness.

We first experimentally validated the relationship between
actuator space and configuration space in the kinematic model.
During the entire experimental validation, we applied tensile
force to cause bending in the dual-joint prototype. The joint at
the tip is set to be in a stiff state, causing the joint near the housing
to act as flexible steering joints, where wrinkles formed in this
region. By adjusting the number of servo rotations, different
tendon contraction amounts were achieved.

Utilizing tendon contraction and bending angle values, a
comparison between the experimental and simulated mappings
from actuator space to configuration space was generated, as
shown in Fig. 16.

The experimental results are consistent with the simulation
results. Table Ⅱ presents the MAE and MAPE values for the
models in this paper and conventional model. The MLSGR

TABLE II
ERROR COMPARISON (ACTUATOR-CONFIGURATION SPACE)

Fig. 17 Model-experiment comparison between configuration space and task
space.

TABLE III
ERROR COMPARISON (CONFIGURATION-TASK SPACE)

kinematic model has an MAE of 4.879 and a MAPE of 23.6%,
while the conventional model has an MAE of 15.103 and a
MAPE of 64.8%.

We extracted the tip position using a depth camera to obtain
real data for the configuration space and task space. To ensure
experimental continuity, we obtained the tip positions in the
xz-plane and plotting the corresponding curves shown in Fig. 17.

Table Ⅲ quantifies the prediction accuracy of the models in
mapping from configuration space to task space. The MLSGR
kinematic model achieves an MAPE of 14.2% and an MAE of
1.065 in the x-direction, whereas the conventional model has an
MAPE of 40.1% and an MAE of 3.993. In the z-direction, the
MLSGR kinematic model achieves an MAPE of 6.5% and an
MAE of 0.981, compared to the conventional model’s MAPE of
17.2% and MAE of 2.687. It is evident that the model established
in this paper has better predictive capability, with a significant
improvement in model accuracy.

VI. CONCLUSION AND DISCUSSION

In this letter, we present the design, fabrication, and modeling
process of the Mixed-Layer Soft Growing Robot (MLSGR) and
evaluate its actual performance. Based on the layer jamming the-
ory, we incorporate a jamming layer composed of sandpaper and
printer paper, combined with thicker traditional layer groups.
Additionally, HSF is introduced in place of TBF to further op-
timize the system’s performance. Experimental results demon-
strate that MLSGR exhibits superior tip movement capability in
the unjammed state and doubles its load-bearing capacity com-
pared to previous designs. To enhance system integration, we
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designed a base with zoning and functional attributes, along with
a lightweight, unanchored tip detection device. Furthermore, the
developed kinematic model exhibits higher prediction accuracy,
reducing MAPE by 41.2% and MAE by 10.224. This letter also
introduces a tip statics model, providing theoretical support for
MLSGR’s tip motion.

Although the mixed-layer assembly demonstrated superior
performance, further refinement is possible by increasing the
diversity of comparative configurations and investigating the
effects of additional design parameters. We also plan to investi-
gate how different substrate materials influence the mechanical
behavior of SGRs, including textile, silicone and thermoplastic-
based variants, to broaden the applicability of the proposed
approach.

Future work will focus on optimizing trajectory planning,
developing a dynamic model of MLSGR, and exploring its ap-
plication in unstructured environments. We also aim to improve
perception and advance teleoperation for enhanced human-robot
collaboration.
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