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研究成果の概要（和文）：本研究では、形態による補正の基礎物理を明らかにすることに成功し、埋め込みセン
サーの出力とソフトボディの形態変化（切断やトリミングなど）の間の関係を明らかにした。特にSOFAに基づい
たシミュレーションフレームワークを構築し、ソフトボディロボットのトポロジカルな変化を可能にし、埋め込
みアクチュエータの下でのソフトボディの形態変化をシミュレーション環境上再現できた。このフレームワーク
により、重要な変化の間にソフトロボットの性能（センシング、アクチュエーション、インタラクション）を維
持することが可能となるソフトボディの形態変化に基づく補正戦略（MorphCom）を調べられる。

研究成果の概要（英文）：In this research we succeeded in clarification of the underlying physics of 
morphological compensation, which reveals the correlation between the output of embedded sensors and
 critical changes in the morphology of the soft body (such as damage or trimming). We built a 
simulation framework based on SOFA, which allows topological change of the soft bodied robots, and 
simulating morphological change of the soft body under embedded actuator. From this framework, it is
 possible to investigate compensation strategies based on the morphological changes of the soft 
body, or MorphCom, to maintain the performance of the soft robot (sensing, actuation, interaction) 
during critical changes.

研究分野：ソフトロボット

キーワード： 形態変形　ソフトセンシング　Whiskered sensor　FEMシミュレーション

  １版

令和

研究成果の学術的意義や社会的意義
The scientific characteristics of this research is to elucidate mechanics of the embedded sensors’ 
output at critical change of soft body’s morphology from the dynamics’ point of view, and how 
morphological compensation may benefit in offloading computation burden from the brain to the body. 

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。
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１．研究開始当初の背景 
 
Biological systems can handle environmental 
uncertainty and adapt to morphological 
changes, such as growth or disability. For 
instance, rodents reconfigure their brain 
barrel cortexes to compensate for sensitivity to 
a trimmed whisker [1], and spiders are 
believed to adjust their sensing and actuation 
mechanisms in broken legs to maintain 
performance [2]. This natural adaptability has 
not been applied to conventional robots due to 
their fixed and rigid structures. Soft robots, 
however, can integrate both sensing and 
actuation within their flexible bodies (Fig. 1), 
offering novel mechanisms not typically seen in traditional designs [3]. Despite this potential, 
soft robots are susceptible to partial damage during extended operation or environmental 
interaction. There was no established morphological strategy for maintaining the 
performance of soft mechanisms when they are partially damaged, primarily due to the lack 
of a methodological framework for compensation. 
 
  In Japan, the 新学術領域研究「ソフトロボット学」project had addressed a wide range of 
disciplines to clarify the science of soft robotics. Recent trends emphasize morphological 
computation and the use of softness to enable complex operations in soft robots, with Dr. 
Helmut Hauser being a pioneer in this area [4]. While several proposals focused on actuation 
functions, there has been relatively little effort dedicated to using morphological computation 
for sensing. Apart from Dr. Nakajima's work on reservoir computing [5], there had been no 
significant attempts in Japan to exploit morphological computation for soft sensors. This 
raises a key scientific question: how can we understand the correlation between dynamic 
changes in embedded sensors and alterations in the soft robot's shape when partially 
damaged? Furthermore, by clarifying the mechanical properties of sensors from a dynamics 
perspective, we face another question: how can we implement morphological compensation 
in sensing to maintain the overall performance of the soft body with minimal computational 
effort from the controller (see Fig. 1)? Addressing these scientific issues forms the motivation 
for proposing this research project. 
 
２．研究の目的 
The purpose of this research is to clarify the underlying physics of morphological 
compensation, which reveals the correlation between the output of embedded sensors and 
critical changes in the morphology of the soft body (such as damage or trimming). From this 
framework, we aim to propose a compensation strategy methodology based on the 
morphological changes of the soft body, or MorphCom, to maintain the performance of the 
soft robot (sensing, actuation, interaction) during critical changes (see Fig. 1). We plan to 
apply this strategy to actual robotic mechanisms to demonstrate how compensation can be 
shifted from the brain (controller) to the body, which is crucial in soft robotics. 
 
３．研究の方法 
In this research, to investigate the MorphCom phenomenon, we applied the following 
methods: 

1) Build a SOFA-based environment for dynamic investigation of the soft-bodied object. 
SOFA stands for Simulation Open Framework Architecture, which allows Finite 
Element Method (FEM) dynamic simulation with fewer computer resources. This 
plugin enables the construction of a soft body model embedded with specific sensing 
elements, simulating the dynamic response of the sensors and critical topology 
changes. To represent topological changes (tear, wear, broken) in the simulated 
models, remeshing the model at the location of the damage will be utilized through 
two possible approaches: 
- Offline method: Used for trimmed or broken states in the topological change. The 
model will be re-meshed before conducting separate simulations with conditions 

 



 

 

similar to the original model. 
- Online method: Used for tearing or fracture states in the topological change (less 
critical cases). Remeshing will be conducted during the solving of dynamic equations 
of the simulated model.  
  By combining these approaches, it is possible to assess the dynamics of embedded 
sensing elements under critical changes in the soft body’s topology. This study is 
valuable for proposing compensation strategies for sensing and controlling soft robots 
under partial damage.   

2) Morphological compensation strategy framework: 
When a soft robot undergoes a critical change, embedded sensing elements generate 
different feedbacks, potentially causing malfunction. We propose a method that: if 
the morphology of the soft body can be adjusted so that the embedded sensing 
elements produce outputs similar to those of the original state, modifying the 
controller would become unnecessary. This approach, related to body morphology, is 
termed the Morphological Compensation strategy (MorphCom). Based on our 
previous research, we found that utilizing existing actuation elements can actively 
vary the sensitivity of embedded sensors, benefiting the MorphCom approach. In 
detailed (see the illustration below, too):  
- The FEM model can be used for an intensive study of the embedded sensors’ 

response to critical changes in 
morphology. In this investigation, 
the local morphology 
(shape/stiffness) around the 
sensor's location can be varied so 
that, with active changes to this 
local morphology, the sensor 
generates outputs similar to those 
of the robot’s original state (before 
the critical change). 

- Design a mechanism that allows 
changing the local morphology of 
the soft body around the embedded 
sensor. Following actuators could 
be considered using pneumatic actuators, DEAs (dielectric elastomer actuators), 
SMPs (shape memory polymers), and so on. Depending on the specific sensing 
needs, various types of sensors can be used, such as strain gauges, accelerometers, 
optical sensors, and magnetic/coil sensors. 

Based on this method, integration of such sensing and local actuating mechanisms 
on specific soft robots can be implemented, paves a way to a new class of sensorized 
soft bodies for soft robotic system. 
 

４．研究成果 
 

1) SOFA-based environment for simulating topological change of the soft bodies 
Based on the proposed methods, we built two programs for updating the topological changes 
of the soft bodies offline and online, depending on the evaluation’s requirements. Details can 
be seen below:  

a. Offline mode: 
For a straightforward 
evaluation of 
topological changes, 
the process illustrated 
in the figure can be 
followed. The diagram 
depicts the offline mode 
process for topology 
reconstruction of a soft 
body using the SOFA 
platform. 
  Initially, SOFA creates 
the mesh for the soft body in its initial state. If damage occurs, the detected damage 
triggers updates to the SOFA scene, transitioning the soft body from its initial state 

 

 
Fig. 2: Topological reconstruction (Offline mode) 

 
 



 

 

to a damaged state. The damage information is then formatted and passed through 
the SOFA-GMSH interface. The SOFA-GMSH interface facilitates geometry changes 
and remeshing to accommodate the damage events. Finally, the updated meshes 
reflect the new topology, showing the soft body in its damaged state. This updated 
state is fed back into the system for further updates as needed. This process ensures 
that the topology of the soft body is accurately reconstructed and updated in response 
to damage events. 

a. Online mode: 
We also succeeded in building a process for online updating the mesh of the 3-D soft 
body upon topological change. The diagram (Fig. 3) illustrates the online mode 
process for topology updates of a soft body using the SOFA platform.  

Fig. 3: Topological reconstruction (Online mode) 
 

The process can be summarized as follows: First, the SOFA platform initializes the 
scene and the mesh for the soft object. If topological changes are triggered by specific 
events detected in the SOFA scene, it will create a notification for adding the 
topological change event to the action queue, then execute the topological change 
action. Note that, currently, only the addition and removal of elements are supported. 
Next, SOFA will send the topological change event to all components within the 
simulation (e.g., FE solver, mechanical models). This process ensures that the 
topology of the soft body is dynamically modified and updated in real-time in response 
to specific events within the simulation. In the demonstration shown in Fig. 3, the 
notification of topological changes occurs when any element falls within a specified 
box space. The initial mechanical model is then updated based on the topological 
changes, then, other tasks such as interaction, load bearing, can be conducted based 
on the updated topology. 

2) SOFA-based toolbox for complicated soft structure: 
 

  To implement the 
morphological 
change at local 
locations inside the 
soft bodies, we 
constructed a SOFA-
based model of the 
soft body embedded 
with fiber-reinforced 
chamber.  
  This structure 
allows the 
simulation of the 
morphological change of the soft bodies under embedded actuation. Here, the soft 
body has two chambers, where the inner pressure variation would lead to inflations. 
Two chambers, therefore, are reinforced by two double helix fibers wounded around 
the chambers’ wall. We succeeded in incorporating all components in one simulation, 
generating different morphology for the soft body under variational inner pressures 
of chambers (Fig. 4). This toolbox can be extended to other configuration with 
different setup, types of actuators. It is expected to be an efficient tool for 

 

 
Fig. 4: Integrating actuation into soft body (simulation) 

 



 

 

investigating the behavior of the soft body with morphological change under 
embedded actuating systems. 

3) Case study: Morphological compensation of sensing ability for sensory whiskers with 
critical topological change: 
  Recent studies have drawn inspiration from natural whiskers to propose a tactile 
sensing system aimed at enhancing the sensory capabilities of autonomous robots. In 
this study, we introduce a novel artificial soft whisker sensor (Fig. 5) that is both 
flexible and capable of adapting and compensating for damage, such as trimming or 
breaking, during operation. Our sensor employs a morphological compensation 
mechanism designed from an analytical model of the whisker, allowing the device to 
actively adjust its structure to regain sensitivity nearly equivalent to its original, 

undamaged state.  
  The whisker's body consists of a 
silicon-rubber truncated cone with 
an internal air chamber serving as 
the medulla layer, which can be 
inflated to adjust rigidity. A small 
strain gauge attached to the outer 
wall of the chamber records strain 
variations upon contact. The 
chamber wall is reinforced with two 
inextensible nylon fibers wound 
around it, ensuring that 
morphological changes occur only in 
the strain gauge's measuring 
direction by compressing or 
releasing pressurized air within the 
chamber [6]. We developed an 

analytical model to regulate whisker sensitivity by altering the chamber's 
morphology. Experimental results aligned well with numerical simulations, 
demonstrating the sensor's performance in both intact and compensation modes. 
Adaptive functionality was tested in two scenarios: (1) A short whisker (65mm) 
compensating for a longer one (70mm), including a self-compensation case, and (2) 
the reverse scenario. Preliminary results indicated the feasibility of the concept and 
the analytical model's efficiency in the compensation process, with the compensator 
achieving an average compensation error of 20.385% in typical scenarios. Extended 
works are also reported in [7]-[8].  
The implementation of this concept in the current study advances the idea of 
morphological computation in soft robotics, paving the way for an active sensing 
system capable of overcoming critical events like a broken whisker through optimized 
morphological compensation. 
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