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Abstract— Shape-changing robotic mannequin is a 

humanoid robot for imitating shapes of human bodies. The 

diversity of human bodies makes it difficult to imitate various 

body shapes, especially the shoulders. This paper proposes a 

rigid-flexible-soft coupling three-layered robotic mannequin 

shoulder inspired by human body anatomy. The robotic 

mannequin can adjust the anisotropic deformation of its 

human-like skin to imitate body dimensions, shape details and 

surface curvatures of target bodies. Structurally, the inner 

skeleton layer is composed of rigid framework and linear 

actuators for changing the global body dimensions. The middle 

muscle layer consists of flexible patches and layer-jamming 

bars with tunable stiffness for controlling the surface 

curvatures. The outer soft skin layer envelops the patches, 

forming a human-like surface of the robotic mannequin. To 

imitate a human body, the linear actuators drive the patches 

forward, which deforms the elastic skin layer. The tensioned 

skin layer inversely drives the bending deformation of patches, 

which can be controlled by layer-jamming bars. We design the 

three-layered structure by analyzing the shape differences of 

hundreds of scanned human models. An energy-based method 

is proposed to predict and control the coupling deformation of 

the layered structure. A physical robotic shoulder prototype 

has been built to verify the effectiveness of our method. 

 

I. INTRODUCTION 

OBOTIC mannequin is a mechatronic device designed 
to imitate shapes of different human bodies, which can 

be potentially used in remote tailoring and online garment 
selling. Dressing effects of a ready-made garment on 
different human bodies can be obtained by putting the 
garment on the robot and driving the robot to imitate target 
human bodies. Customers can get realistic dressing effects 
without having to try on the clothes in person. However, 
designing such a robotic mannequin is challenging. 
Mechanically, the very limited space inside the robot makes 
it difficult to accommodate complex structure and many 
drives. Geometrically, shapes of human bodies differ in both 
body dimensions and surface Gaussian curvatures. To imitate 
different body shapes, controllable tension and bidirectional 
bending are required for the surface of the robotic 
mannequin, which is obviously not easy. Most of the existing 
methods simplify this problem by discretization, i.e., dividing 
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the robotic mannequin surface into patches [1], [2], [5], as 
illustrated in Fig. 1(a), Fig. 1(b) and Fig. 1(c), respectively. 
Dimensions of the robotic mannequins are controlled by 
adjusting gap sizes between adjacent patches. Tensile 
deformation is simplified as unidirectional bending, which 
however cannot adjust the local surface Gaussian curvatures. 
The latest work done by Tian et al.[4] goes a long way 
toward achieving curvature-controlled shape imitation. They 
designed a soft robotic mannequin with elastic skin 
enveloping several air chambers, as shown in Fig. 1(d). By 
inflating the air chambers, the shape of elastic skin can be 
adjusted. Their approach focusses on the part under the 
shoulder, such as the thorax and the abdomen.  

The shape of the shoulder is much more complex than 
other body parts and is affected by its adjacent areas. The 
shoulders, chest, neck, back and upper arms are the areas of 
the body that our robotic mannequin seeks to model, as 
shown in Fig. 2(a). Referring to the anthropometric 
definitions and methods for garment [6], [7], [8], we use 

shoulder width ①, shoulder slope ②, arm circumference 

③, shoulder thickness ④, and neck circumference ⑤ to 

describe the deformability of the robotic mannequin shoulder. 

A. Related works 

1) Shape-changing robotic mannequin 
As shown in Fig. 1, the existing shape-changing robotic 

mannequins can be roughly divided into three categories 
according to their deformation forms.
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Figure. 1. Existing robotic mannequins. (a) Patch-based mannequin driven 

by rod [1]. (b) Patch-based mannequin driven by rack and pinion [2]. (c) 

Belt-based mannequin driven by elastic bar and flexible belt [3]. (d) 

Chamber-based mannequin driven by pressurized gas [4]. 
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The patch-based approaches [1], [2], [5] discretize the 
surfaces of robotic mannequins into several patches. The 
shapes of the robots are controlled by changing the positions 
of patches. Abels et al. [1] links adjacent patches with passive 
elastic bars, as shown in Fig. 1(a). The elastic bars cannot 
make patches produce controllable elastic deformation; 
therefore, the curvature of each patch can hardly be actively 
changed. The inability of controlling local Gaussian 
curvature is the common problem of the existing patch-based 
approaches. 

Li et al. [3] proposed a belt-based robotic mannequin 
composed of flexible belts that are interwoven horizontally 
and longitudinally, as shown in Fig. 1(c). Each flexible belt 
envelops several elastic bars, whose bending can be 
controlled by the length of the flexible belt. Their approach 
can change the curvatures of elastic bars in a certain 
horizontal plane.  

The chamber-based robotic mannequins [4], [9] use 
airtight airbags to shape elastic skin that envelops the airbags. 
When filled with compressed gas, the airbags expand to 
imitate the change in body shapes. However, it lacks the 
mechanism to control the anisotropic deformation of a single 
chamber, which limits its shape detail imitating ability. 

2) Virtual try-on technology 
Virtual try-on technology simulates dressing effects of a 

garment on customers by computing the virtual deformation 
of a digital garment on a digital human body, either in form 
of 2D image or 3D graphics. Roughly the recent works can 
be classified into two categories: physics-based simulation 
and learning-based simulation.  

In physics-based methods, 3D virtual garments [10], [11], 
[12]  and 3D human bodies [10], [11] are generated first; 
then a 3D garment is put on a target 3D human model by 
customizing the garment shape to make it suitable to target 
human body [15], [16], [17]. Although great improvements 
have been made in these areas, it is still not easy to mimic the 
garment dressing effects in high reality, especially 
multi-material and multi-layered garment, such as evening 
dress.  

Learning-based methods have shown tremendous 
potential in virtual try-on. They are good at generalizing to 
unseen 2D images or 3D models, and they are usually fast 
since training and optimization are performed offline. 
Estimation of human body shape is the key to virtual try-on. 
Regression has been performed for the human body with a 
parametric human model [18], [19] or a voxel based 
representation [20], [21]. Although the learning-based 
estimation [22], or optimization using differentiable physics 
[23] has been studied, correspondence between the fabric 
material and its digital model are not well understood.  

B. Our approach 

Our work aims to design a robotic mannequin with 
human-like skin to imitate different human bodies. The 
elastic skin is required to be displaced, bent and stretched to 
produce anisotropic deformation. To address this issue, we 
propose a rigid-flexible-soft coupling three-layered structure 
inspired by human anatomy, as shown in Fig. 2. The inner 
structure is the skeleton layer, it consists of a set of linear 

actuators fixed on a rigid moveable support. The skeleton 
layer can imitate the global dimensions of target human 
bodies by displacement. The middle muscle layer is 
composed of flexible patches with adjustable stiffness. The 
patches can imitate curved surfaces and shape details of 
different human bodies by bending. The outer skin layer 
envelops the patches, constructing a continuous soft surface 
of the robotic mannequin. To imitate a human body, the 
linear actuators drive the patches forward, which deforms the 
elastic skin layer. The tensioned skin inversely forces the 
patches to bend. By controlling linear actuators and the 
stiffness of patches, the anisotropic deformation of the skin 
layer can be adaptively adjusted. As a result, the robotic 
shoulder can reach a state of force equilibrium.  

Compared with the existing robotic mannequins, each 
patch of the coupled three-layered structure can achieve a 
controllable elastic deformation with one linear actuator and 
one variable stiffness structure. By adjusting both the 
position and stiffness of the muscle layer, the anisotropic 
deformation of the skin layer can be controlled, enabling it to 
imitate more body parts and a lager range of body 
dimensions. Our method improves surface continuity of the 
robot and reduces dependence on the number of actuators.  

Algorithmically, we computationally designed the shapes 
and distributions of the linear actuators, the patches and the 
skin by analyzing shape differences of hundreds of scanned 
human models. An energy-based model is established to 
predict the deformation results of the coupled layered 
structure. 

As far as we know, it is the first time to propose a 
rigid-flexible-soft coupling three-layered structure to get a 
shape controllable physical interface. We have verified our 
approach by prototyping a robotic mannequin shoulder with 
29 degrees of freedom. In summary, our approach has the 
following academic contributions: 

 A novel three-layered structure composed of rigid, 
flexible and soft materials for a shape-changing 
robotic shoulder.  

 A method for designing the three-layered structure 
based on hundreds of scanned human models. 

 An energy-based method for predicting the 
deformation of the three-layered structure.  

 

II. DESIGN OF SHAPE-CHANGING ROBOTIC SHOULDER 

A. Overview 

Skeleton, muscle, and skin are the three elements that 
determine body shape. In anatomy, rigid human bones 
support other structures and form the basic framework, 
affecting height and shoulder width etc. The flexible muscle 
is attached to the skeleton, which determines the local 
contour of a human body. The elastic skin layer covers the 
muscles and bones, forming the texture of the continuous 
body surface. The bones, muscles, and skin have different 
materials, functions, and structures, as shown in Fig. 2(b). 
The movement of bones, the contraction and bending of 
muscles, and the stretching of skin cooperatively shape the 
appearance of a human body.
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Figure. 2. Human anatomy-inspired design. (a) Areas of human body to imitate. (b) Human bones, muscle and skin. (c) Bio-inspired skeleton layer, muscle 
layer and skin layer of robotic mannequin shoulder. (d) The prototype. 

Inspired by human anatomy, our robotic mannequin is 
designed as three layers correspondingly. The inner structure 
is rigid skeleton layer which is constructed with support 
framework and rigid linear actuators to support other 
structure and adjust shoulder width, as shown in Fig. 2(c). 
Two moveable platforms driven by stepper motors can slide 
to each side for changing shoulder width. The middle flexible 
muscle layer fixed on the skeleton layer is composed of 
flexible patches with adjustable stiffness, which is detailed in 
Section II.C. Skin layer is made of a hyperelastic membrane, 
and covers the muscle layer. In term of deformation principle, 
the three layers are coupled together. The motion of the rigid 
skeleton layer, the bending and variable stiffness of the 
flexible muscle layer, and the stretching of the skin layer 
combine to shape the appearance of the human body. When 
the linear actuators push the patches forward, the 
concentrated thrust forces transmit to the skin layer and turn 
to distributed forces. Consequently, the skin layer is stretched 
and its elastic potential energy encourages a tendency to 
shrink, which drives the patches to bend. As a result, the skin 
layer and the muscle layer reach a state of force equilibrium, 
i.e., the state of minimum elastic potential energy. We have 
fabricated a prototype shoulder to verify the design method, 
as shown in Fig. 2(d). 

B. Design and decomposition of skin layer 

The initial shape of our skin layer is obtained by 
averaging hundreds of 3D scanned human models obtained 
from [24], as shown in Fig. 3(a). Since the average skin 
shape represents the common features of most human 
bodies, the robot can imitate the body shapes of great 
majority of human bodies in the database within the limited 
deformation range. The robotic shoulder has a shoulder 
width of 322mm, a shoulder slope of 20°, a shoulder 
thickness of 195mm, a neck circumference of 310mm and an 
arm circumference of 291 mm. For fabrication and 
deformation simulation, the skin layer is modeled as a 
volumetric mesh. Methodologically, the skin surface is 
offset and discretized into a tetrahedral mesh by using the 
quality conforming Delaunay triangulation [25], as shown in 
Fig. 3(a)  

The shape deformation from the initial state of the robot 
to a target shape can be regarded as a combination of 
stretching, rotating, and displacement. To make the layered 
structure compatible to these deformations, we first computed 
and decomposed the shape deformation of the skin layer; 
then corresponding actuators, other structures and materials 
are designed to support different kinds of deformations. 

Considering the material of the skin layer is hyperelastic 
and isotropic, we use neo-hookean constitutive model [26] to 
describe the deformation. For the tetrahedral mesh of skin 
layer, the energy density inside each tetrahedron 𝑡𝑖  is 
defined as 

Ψ(𝐼1, 𝐽) =
𝜇

2
(𝐼1 − 3) − 𝜇 log(𝐽) +

𝜆

2
log2(𝐽) (1) 

where 𝜇 is the shear modulus. The invariants 𝐼1 = tr⁡(𝐅𝑇𝐅) 
and 𝐽 = det 𝐅. For incompressible materials we used, 𝐽 = 1. 
𝐅 is deformation gradient tensor.  

The stress-stretch relation [26] derived from (1) for curve 
fitting with uniaxial tensile testing data is  

σ = 𝜇 (𝜆2 −
1

𝜆
) (2) 

where, the stretch 𝜆 = 1 + 𝜀. σ is the stress and 𝜀 is the 
strain.  

𝜇 can be determined by fitting uniaxial tensile curves 
with finite element simulation data, as shown in Fig. 3(b) 
and Fig. 3(c). The corresponding nominal stress-strain 
curves of the materials are shown in Fig. 3(d). 

The deformation gradient tensor 𝐅 ∈ R3×3 in (1) is 

𝐅 =
∂𝑥⃗

∂𝑋⃗
= (

𝑥
𝑦
𝑧
) (

∂

∂𝑋

∂

∂𝑌

∂

∂𝑍
) (3) 

where 𝑋⃗ = {𝑋, 𝑌, 𝑍} and 𝑥⃗ = {𝑥, 𝑦, 𝑧} are the undeformed 
and deformed configuration for the three components. 𝐅 is 
constant inside each tetrahedron. 

 

 
Figure. 3. Material models. (a) Tetrahedralized mesh. (b) Uniaxial tensile 

test. (c) Material coefficient optimization. (d) Constitutive models. 
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𝐅  contains rigid rotation and tensile deformation. 
Generally, adjacent areas on the skin layer have similar 
deformation gradient, according which we split the skin 
surface into patches. These patches form the muscle layer. 
Using the polar decomposition of 𝐅 = 𝐑𝐒 , we get the 
rotation matrix 𝐑  and scaling matrix 𝐒 , which can be 
interpreted as the skin being first stretched by 𝐒 and then 
rotated with 𝐑. The three eigenvalues of 𝐒 (λ1, λ2 and λ3) 
are the principal stretches and their corresponding 
eigenvectors give three orthogonal directions in the material 
coordinate system. As the stretching deformation is 
anisotropic, we designed layer-jamming structures attached 
to patches to actively change the local stiffness. 

C. Design of muscle layer and variable stiffness structure 

As shown in Fig. 4(a), the muscle layer is obtained by 
segmenting the skin layer. We first divided the skin layer 
into 5 parts, neck, shoulder, chest, back, upper arm, referring 
to the distribution of the main muscle groups in the shoulder 
area, such as the trapezius, deltoid, pectoralis major, etc. 
Then the shape differences between human bodies are 
analyzed. The areas with the greatest difference between 
human bodies are split into different patches for independent 
control. Areas with little shape difference between different 
human bodies are merged into the same patch for common 
control. The shape difference is obtained by analyzing the 
deformation gradient from the shape of the skin layer to the 
target human bodies shapes. For two adjacent tetrahedron 

with their deformation gradient 𝐅𝑖 and 𝐅𝑗, if ∥∥𝐅𝑖 − 𝐅𝑗∥∥𝐹
2
≤

𝛿 , they are flagged as the same region, where 𝛿  is a 
threshold. For tetrahedron satisfying ∥𝐅 − I∥𝐹

2 ≤ 𝛿  or 
max(|𝜎max − 1|, |𝜎min

−1 − 1|) ≤ 𝛿, it is considered a rigid 
part, where, 𝜎max and 𝜎min are the singular values of 𝐅. 
During clustering: (1) the areas with large deformation 
should be cut into discrete patches. (2) the areas with distinct 
deformation behaviors should be divided into different 
patches. Finally, 27 pieces of patches are obtained, and their 
boundaries are manually smoothed. The gap between two 
adjacent patches is 6 mm wide, as shown in Fig. 4(b). The 
change in arm circumference is achieved through the 
displacement of the three patches on the outside of the arm. 
The three patches can be moved forward, backward and 
laterally along the body to change the arm circumference. 

To make the local stiffness of patches adjustable, a layer 
jamming structure is designed. As shown in Fig. 4(c), it 
consists of an airtight elastic shell connected with air tubes, 
and layers of inextensible material. In normal state, the 
friction between layers is small and it is easy for one layer to 
slip over another. The whole structure is easy to bend. When 
vacuumizing the shell, layers of paper are compressed 
together and the static friction between adjacent layers 
increases, which makes it difficult to slip in the interfaces 
between adjacent layers. The layers of paper are in a 
“jammed” state, and the whole structure is hard to bend and 
the local stiffness of patches increases. When the air pressure 
inside the shell restores to normal atmospheric pressure, the 
local stiffness of the patches accordingly decreases to the 
initial state. The distribution of the variable stiffness structure 
is shown in Fig. 4(d). 

 

 

Figure. 4. Muscle layer design. (a) Design process for muscle layer. (b) 
Design results of muscle layer. (c) The two states of layer-jamming bar. (d) 
The distribution of layer-jamming bars.  

 

Layer jamming structure is attached to patches. The 
non-stretchable conventional layer jamming structure hinders 
the original elastic deformation of patch, and cannot adjust 
the anisotropic deformation of patch by adjusting the tensile 
stiffness in different directions. Gauss' Theorema Egregium 
states that the Gaussian curvature of a surface is invariant 
under local isometry. In other words, the Gaussian curvature 
of a surface can be changed if one bends the surface with 
stretching it anisotropically. Therefore, the layer jamming 
element is designed as forked-finger structure, as shown in 
Fig. 5(c). The internal filling layers are crossed and 
connected to the elastic shell separately. When the structure 
is in jamming state, the bending stiffness and tensile stiffness 
both rapidly increase. As shown in Fig. 5(a) and Fig. 5(b), 
there are three states of the layer-jamming structure under the 
action of different magnitudes of external loads. The stiffness 
is maximum in the pre-slip stage, decreases in the partial-slip 
stage, and reaches the minimum in the full-slip phase. 

Suppose that there are 𝑛 overlapping rectangular layers 
in the layer jamming structure with layer thickness 𝑡, width 
𝑤, and the coefficient of static friction is 𝑓𝑠, the vacuum 
pressure is 𝑃. The static friction limit is 𝑓𝑠𝑃. The value of 
pressure decides the maximum bearing capacity of the 
structure. 

For the tensile test, the maximum allowable shear stress is 

𝜏max = 𝑓𝑠𝑃 , and the maximum allowable tensile force is 

𝐹𝑠ℎ𝑒𝑎𝑟 = 𝜏max𝐴 = 𝑓𝑠𝑃𝑛𝑤𝑙 , which scales linearly with 

overlapped area 𝑤𝑙, 𝑃, 𝑛 and 𝑓𝑠. The values of 𝑓𝑠 under 

different states are measured by frictional experiments. For 

our forked-finger layer-jamming structure when unjammed, 

the tensile resistance is mainly the elasticity of the elastic 

shell. To compute the flexural rigidity when jammed, two 

cases are modelled as shown in Fig. 5(a). In the first case, 

layers can’t slip between each other, and in the second case, 

layers are free to slip. The jammed layers behave as a single 

layer making the second moment of area 𝐼 increase. For an 

unjammed structure, 

𝐼𝑢𝑛𝑗𝑎𝑚𝑚𝑒𝑑 = 𝑛
𝑤𝑡3

12
(4) 

When jammed, 

𝐼𝑗𝑎𝑚𝑚𝑒𝑑 =
𝑤(𝑛𝑡)3

12
(5)
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So that, 𝐼𝑗𝑎𝑚𝑚𝑒𝑑/𝐼𝑢𝑛𝑗𝑎𝑚𝑚𝑒𝑑 = 𝑛2 , i.e., when jammed, 

the local bending stiffness of a patch can increase to 𝑛2 
times rapidly. 

To verify the ability of the forked-finger type layer 
jamming structure, two orthogonal layer jamming structures 
are arranged to regulate the deformation of an elastic 
membrane, as shown in Fig. 5(d). Nonlinear quasi-static 
deformation of three-layered structure was simulated in soft 
ABAQUS/Standard, as shown in Figure 5(d). The square 
skin layer has a side length of 100mm and a thickness of 
1mm with four edges fixed; the radius of the circular muscle 
layer is 35mm and the thickness is 1.5mm; the layer jamming 
has a length of 60mm and a width of 20mm. The materials of 
skin layer and patch are modeled as incompressible 
Neo-hookean model ( 𝜇 = 0.23Mpa  for skin layer, 𝜇 =
0.41Mpa for patch). The layer jamming was modeled as 
linear elastic materials (when unjammed 𝐸 = 7Mpa, when 
jammed 𝐸 = 4Gpa). For the simulation, a displacement of 
20mm was applied to the inner surface of the 
layered-structure.  

The dimensions and conditions of the experimental 
models match those of the FEA simulation. We applied 
vacuum pressure of -40kPa to orthogonal layer jamming 
structures in turn, and three different deformation results are 
generated. The deformation results were scanned using a 3D 
scanner and compared with the FEA simulation results. The 
errors are measured by Hausdorff distance, as shown in the 
second column of Figure 5(d). The results show that the layer 
jamming can effectively adjust the deformation of the layered 
structure, and the experimental results match the simulation 
results well.  

D. Design and optimization of skeleton layer 

One patch is controlled by one linear actuator. 
Accordingly, 24 linear actuators are assembled on the 
movable platforms and 3 linear actuators are fixed on the 
neck support, forming the skeleton layer, as shown in Fig. 
6(a). Each platform can move along the left-right direction to 
imitate the shoulder width, which is controlled by stepper 

motors ①, motor support ② and screw-threaded flanges 

③, as shown in Fig. 6(a). The connection relationships of the 

three layers are displayed in Fig. 6(b). The layer jamming 
bars are fixed to the rod of linear actuator and glued to the 
inner surface of patch. And the outer surface of the patch is 
adhered to the inner surface of skin layer. 

Each patch is controlled by one fixed linear actuator. In 
order to improve the imitating effect for most people, we 
optimized the fixed pose of each linear actuator based on the 
transformation matrices between the initial state and target 
states of the corresponding patch. Let 𝐏𝑖 = {𝑝𝑖,1…𝑝𝑖,𝑗} and 

𝐐𝑖 = {𝑞𝑖,1…𝑞𝑖,𝑗} be the initial shape and target shape of 𝑖th 

patch 𝑃𝑖 , where 𝑝𝑖,𝑗 and 𝑞𝑖,𝑗 are the paired⁡ 𝑗th point in the 

𝑖th patch. The rigid transformation 𝐌𝑖 = {𝐑𝑖 , 𝐭𝑖} between 
𝐏𝑖 and 𝐐𝑖 can be obtained by solving  

(𝐑𝑖, 𝐭𝑖) = argmin
𝐑∈𝑆𝑂(3)

∑ ∥ 𝐪𝑖,𝑗 − 𝐑𝑖𝐩𝑖,𝑗 − 𝐭𝑖 ∥
2

𝑗

(6) 

where 𝐑𝑖  is the rotation matrix, and 𝐭𝑖  is the translation 
matrix. 𝐑𝑖 can be computed as  

 
Figure. 5. Forked-finger layer jamming. (a) The states of layer jamming 

under different loads. (b) Three states of the layer-jamming. (c) The tensile 

properties of forked-finger layer jamming element. (d) Simulation and 

experiment results. 

 

𝐑𝑖 = 𝐕[
1 0 0
0 1 0
0 0 𝑑

]𝐔𝑇 (7) 

where 𝑑 = sign⁡(det⁡(𝐏𝑖𝐐𝑖
𝑇)). V and 𝐔 can be obtained by 

𝐏𝑖𝐐𝑖
𝑇 = 𝐔𝚺𝐕𝑇 with the singular value decomposition [27]. 

𝐭𝒊 = 𝑑𝑖𝐞𝑖  contains the unit direction 𝐞𝑖  and the value of 
displacement 𝑑𝑖 . When 𝐑𝑖  obtained, 𝐭𝑖 = 𝐪̅𝑖 − 𝐑𝑖𝐩𝑖 , 
where 𝐩𝑖 and 𝐪̅𝑖 are the centroids of patches.  

When all the transformation matrices for different target 

shapes 𝑆1, . . . , 𝑆𝑘 are obtained, the average rotation 𝐑 and 
the average displacement direction 𝐭 ̅ of each patch can be 
computed. The average rotation is  

𝐑𝑖 = argmin
𝐑∈𝑆𝑂(3)

∑𝑑(𝐑,𝐑𝑖,𝑘)
2

𝑛

𝑘=1

(8) 

where 𝐑𝑖,𝑘 is the rotation matrix of the 𝑖th patch to imitate 

the 𝑘th target shape. The distance of two rotations is defined 
as  

𝑑(𝐑𝑖 , 𝐑𝑗) =
1

√2
∥ log(𝐑𝑖

𝑇𝐑𝑗) ∥ (9) 

The average displacement direction 𝐭𝑖 is  

𝐭𝑖 =
∑ 𝐞𝑘
𝑛
𝑘=1

|∑ 𝐞𝑘
𝑛
𝑘=1 |

(10) 

Each patch is assembled according to corresponding 𝐭 

and 𝐑, as shown in Fig. 6(b). The control parameter 𝑑𝑖, i.e., 
the value of displacement 𝑑𝑖 of each patch is recomputed as  

𝑑𝑖 = (𝐪̅𝑖 − 𝐩𝑖) ∙ 𝐭𝑖 (11) 

E. Prototype fabrication 

Sailner J300Plus printer with three base materials of 
significantly different stiffnesses: rigid RGD110T, soft 
FLX910T (30A), extra soft FLX920W (10A) is used to 
fabricate the robot. By mixing the three materials, we can 
print structures of shore hardness in 10A-90A. The hardness 
of the shell and the filling layers of the forked-finger actuator 
are 30A and 90A respectively. The shell and filler layers of 
the layer jamming are printed separately. After ultrasonic 
cleaning and UV secondary curing, we applied the soft 
FLX910T (30A) material as an adhesive to the connection 
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joint of the shell and filler and cured it using UV irradiation. 
The skeleton layer is printed with rigid material RGD110T. 
The hardness of patches is designed as 65A. For the skin 
layer, it is required to be stretched and bent to a large range to 
imitate human bodies. And when the external loading is 
removed, it can restore to rest shape. Thus, its material is 
selected as Dragon Skin 30 (Smooth-On Inc.) [26] which has 
good tensile properties and soft texture. The thickness of the 
skin layer is 1.5 mm. We designed the pouring mold and 
fabricated it through a FDM 3D printer.  

The linear actuator is 40mm long, 20mm wide and 10mm 
high. It can feeds back the position of the push rod through a 
sliding potentiometer. The stroke of the motor is 0-20mm, 
and the maximum thrust is 30N.The inherent step angle of 
the stepper motor is 1.8°, and the holding torque output is 
0.45Nm.  

The measurement range of the tensile testing machine we 
used is 0-50N, the resolution of force is 0.001N, and the 
resolution of displacement is 0.01mm. The tensile tests were 
performed using a displacement-controlled loading mode at a 
constant test speed of 100mm/min. 

Due to the working space of actuators, the shape 
simulation space of one robotic mannequin shoulder is 
impossible to cover the shape space of all human bodies. For 
our physical protype, the range of body dimensions that can 
be imitated is listed in Table I, which covers more than 50% 
human bodies according to the statistical data of Chinese 
adults [28]. For women, the coverage rate reaches 70%. 

TABLE I.  RANGE OF HUMAN BODY DIMENSIONS COVERED 

Body part Body size value 

(mm)  

Percentage of people 

covered (male/female) 

Neck circumference 310-420 \ 

Chest circumference 810-1040 60%/80% 

Shoulder width 320-460 50%/70% 

Shoulder thickness 190-230 55%/70% 

Arm circumference 285-350 \ 

Shoulder slope 0°-35° \ 

 

III. DEFORMATION PREDICTION 

For simulation efficiency, we compute the deformation 
with Laplacian deformation [29] first to quickly approximate 
the deformation results, and then use finite element method 
[30] to improve the simulation accuracy. We combined the 
fast but inaccurate geometric deformation method with the 
slow but accurate finite element method to compensate for 
the shortcomings of a single simulation method.  

A.  Initializing skin deformation based on Laplacian method 

When patches are displaced by the linear actuators, the 
deformed shape of the skin layer can be initialized through 
Laplacian mesh deformation [29] by taking the translated 
patches as shape constraints. For the mesh of skin with 𝑛 
vertices 𝑉 = {𝑣1, … , 𝑣𝑛}, the Laplacian coordinate⁡ 𝛅𝑖 on 𝑣𝑖 
can be computed by 

 
 

 

Figure. 6. Skeleton layer. (a) Moveable platforms, linear actuators and 

stepper motors of the skeleton layer. (b) The connection relationship 

between linear actuator, layer jamming bars, muscle layer and skin layer. 

 

𝛅𝑖 = (𝛿𝑖
(𝑥), 𝛿𝑖

(𝑦)
, 𝛿𝑖

(𝑧)) = 𝐿(𝑣𝑖) = 𝐯𝒊 −
1

𝑑𝑖
∑ 𝐯𝑗
𝑗∈𝑁(𝑖)

(12) 

where 𝐿(𝑣𝑖) is the Laplacian operator on 𝑣𝑖, 𝑁(𝑖) is the 

adjacent vertice of  𝑣𝑖 , and 𝑑𝑖  is the number of its 

immediate neighbors. As constrained points, all the 𝑘 

vertices in each patch are translated to new positions 

𝐩𝑖
′ = 𝐩𝑖 + 𝑑𝑖𝐭𝑖 , 𝑖 = 1, 2, … , 𝑘 , when the patch has been 

moved a distance 𝑑𝑖  in the direction 𝐭𝑖 . Therefore, the 

deformation result can be obtained by solving 

min (∑‖𝐿(𝑣𝑖
′) − 𝛅𝒊

′‖⁡
2) (13) 

s. t. {𝛼𝐯𝑙′ + 𝛽𝐯𝑚′ + 𝛾𝐯𝑛′ = 𝐩𝑖 + 𝑑𝑖𝐭𝑖 , 𝑖 = 1, 2, … , 𝑘⁡ } 

where 𝛅𝒊′ = 𝐑𝒊𝛅𝑖, and 𝐑𝒊 is the rotation matrix between the 
local region around 𝑣𝑖 before and after deformation, which 
can be calculated with ASAP method [31]. As patches stick 
to the inner side of the skin layer, we parameterized the 
overlaps of two layers to enable that the shapes can be 
updated by each other during deformation. Each vertex 𝑝𝑖  
on the surfaces of the patches can be parameterized as 𝐩𝑖 =
𝛼𝐯𝑙 + 𝛽𝐯𝑚 + 𝛾𝐯𝑛 ,⁡ 𝛼 + 𝛽 + 𝛾 = 1, where {𝒗𝑙 , 𝒗𝑚, 𝒗𝑛} are 
the three vertices of the relative triangle on the skin surface, 
(𝛼, 𝛽, 𝛾) is the barycentric coordinate of 𝑝𝑖 , Similarly, each 
vertex on the skin layer contacting with a patch can be 
parameterized on the relative patch. 

B. Deforming patches physically 

After the Laplacian deformation of the skin, we 
calculated the stress distribution from the deformed mesh and 
the initial mesh, and then apply the stress to the 
corresponding nodes to start the finite element analysis. The 
elastic energy of deformed mesh can be computed as 

𝐸elas =∑ 𝛹𝑖 vol(⁡ 𝑡𝑖)
Ω𝑖∈𝒮

′
  (14) 

where the energy density 𝛹 is defined in (1) and vol(⁡ Ω𝑖) 
is the volume of the undeformed tetrahedron 𝑡𝑖. The elastic 
force on 𝑘th vertice contributed by tetrahedron 𝑡𝑖 can be 
derived from the elastic energy as 

𝐟𝑘
𝑖 = −𝜕𝐸𝑖(𝒙)/𝜕𝑥𝑘⃗⃗⃗⃗⃗ = −

vol(⁡ 𝑡𝑖) ∙ 𝜕𝛹(𝐅𝒊)

𝜕𝑥𝑘⃗⃗⃗⃗⃗
(15) 

Consequently, the elastic forces on four vertices can be 
collectively computed as  

𝐇 = [𝐟1⁡ 𝐟2⁡ 𝐟3] = −𝑊𝐏(𝐅)𝐃𝑚
−𝑇 , ⁡ 𝐟4 = −𝐟1 − 𝐟2 − 𝐟3 (16) 

where 𝑊 is undeformed volume of the tetrahedron. 𝐏(𝐅) is 
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𝐏 =
∂Ψ(𝐅)

∂𝐅
= 𝜇𝐅 − 𝜇𝐅−𝑇 (17) 

𝐃𝑚 is the undeformed shape matrix of each tetrahedron. It’s 
defined as 

𝐃𝑚 ≔ [

𝑋1 − 𝑋4 𝑋2 − 𝑋4 𝑋3 − 𝑋4
𝑌1 − 𝑌4 𝑌2 − 𝑌4 𝑌3 − 𝑌4
𝑍1 − 𝑍4 𝑍2 − 𝑍4 𝑍3 − 𝑍4

] (18) 

By accumulating of the contributions of all elements in its 
adjacent neighborhood 𝑁𝑖 , the actual elastic force 𝐟𝑖 on a 
node can be obtained as 

𝐟𝑖(𝑋⃗) = ∑ 𝐟𝑖
𝑒

𝑒𝜖𝑁𝑖

(𝑋⃗) (19) 

As the patches contact the skin continuously, the patches 
of the muscle layer are deformed by applying the inverse 
forces of 𝐟𝑖 to the overlapping regions between the patches 
and the skin layer.  

C. Updating skin shape 

After updating the deformation of patches in Section III.B, 
the shape of the skin layer also needs to be recomputed. For 
the skin regions in contact with patches, their shapes are 
updated by the barycentric coordinates as described in 
Section III.A. For the skin regions between adjacent patches, 
the deformation is computed by minimizing the elastic 
energy with constraints of deformed patches. The elastic 
potential energy over all the elements 𝐸elas is minimized to 
obtain the 𝐅𝑖 as 

min⁡∑ 𝛹𝑖(𝐅𝑖) vol(⁡ Ω𝑖)
Ω𝑖∈𝒮

′
(20) 

After updating the shape of the skin layer, a new iteration 
is started. We first recompute the deformation of patches and 
then recalculate the deformation of skin. The iteration 
processing is repeated until the biggest Hausdorff distance 
between the skin surfaces of two adjacent iterations is below 
the given threshold. 

IV. EXPERIMENTAL RESULTS 

A physical robotic shoulder prototype has been built to 
verify the effectiveness of the layered structure. 

Three-point bending tests has been carried out to verify 
the ability of our forked-finger layer jamming structure in 
adjusting stiffness, as shown in Fig. 7(a). The change in 
stiffness is measured by the deflection under different loads. 
As shown in Fig. 7(b). the air control system can adjust the 
stiffness of the forked-finger layer jamming by controlling 
the air pressure. The maximum output pressure of the pump 
is 0.8Mpa. The pressure regulator can control the work 
pressure in real time and convert the positive pressure into 
vacuum pressure. The valves have a plurality of air pipe 
interfaces, and the controller controls the on-off of each 
interface. The layer jamming structure has different 
mechanical curves under different pressure, as shown in Fig. 
7(c). The greater the negative pressure, the higher the 
stiffness of the structure. When we applied vacuum pressure 
of -80kPa, the stiffness of the structure increased 94 times in 
2s with 15 layers of filler.  

The shape details of the shoulders can be imitated, such 
as shoulder width, arm circumference, shoulder slope, as 
shown in Fig. 7(d). By flexibly adjusting these body 
dimension parameters, the four common shoulder shapes, flat 
shoulder, sloping shoulder, broad shoulder, and narrow 
shoulder [32] can be imitated.  

Quantitative evaluating experiments have been conducted 

to verify the shape imitating effects of our robotic shoulder. 

We selected three 3D models with different body shapes, 

and deformed our robotic mannequin shoulder to imitate 

them, as shown in Fig. 7(e), Fig. 7(f) and Fig. 7(g), 

respectively. Artec EVA 3D scanner is used to reconstruct 

the deformation results. The reconstruction rate is 16 

frames/sec and the 3D resolution is 0.5mm. The 

reconstructed models are then aligned onto the target models 

by ICP (Iterative Closest Point) algorithm, and the shape 

errors between these two kinds of models are measured by 

Hausdorff distance, which are visualized as shown in Fig. 

7(e), Fig. 7(f) and Fig. 7(g). Based on the results, the robotic 

shoulder has a better imitating effect on the chest, shoulder 

and back compared with the neck and arm. The largest errors 

occurred in the axillary and lateral thoracic regions, because 

of the lack of the actuator under the armpit and edge 

constraints on the skin layer.  

 

 

 

Figure. 7. Experimental results. (a) Layer jamming prototype and three-point bending experiment. (b) Air control system of layer jamming. (c) 

Experimental results of three-point bending of forked-finger layer jamming structure (d). The shape and size of the shoulders and arms imitated. (f), (g), 
and (h) Imitation of the target human models.  
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V. CONCLUSION 

In this paper, inspired by human anatomy, we propose a 
novel three-layered robotic mannequin shoulder. From the 
inner to the outer, there are rigid skeleton layer consisting of 
linear actuators, flexible muscle layer composed of stiffness 
adjustable patches, and soft skin layer made of elastic 
silicone, respectively. The coupled three layers cooperatively 
shape the appearance of the robotic mannequin, enabling the 
robot to imitate body dimensions, local shape details and 
surface curvatures of different human bodies. An 
energy-based method for predicting such coupling 
deformation is proposed. Our approach explores a new way 
to design a physical shape-changing robot by coupling 
deformation of rigid, flexible and soft materials. The robotic 
mannequin shoulder prototype proposed in this paper have 
verified the imitating ability of our approach. We are 
considering extending the design of the robotic shoulder to a 
whole-body robotic mannequin.  
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