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Abstract
Capturing dynamic targets is particularly challenging for either rigid or soft grippers, as impact buffering should be
completed in a short time to ensure the reliability of the robotic system. At collision onset, to deal with relatively low
contact forces, adopting low stiffness and damping can effectively mitigate the rebound of the dynamic targets. As
the contact area and forces increase, employing high stiffness and damping becomes necessary for absorbing high
energy. This paper proposed a novel robotic gripper whose stiffness and damping follow a predefined profile “low
stiffness and damping for low impact and high stiffness and damping for high impact.” The variable effects of impact
buffering and energy dissipation in a collision process were modeled and analyzed. Then, a passive variable stiffness
and damping regulator (P-VSDR) was developed where tendons and pulleys are used to generate a nonlinear motion
from a linear spring-damper unit. The contact dynamics model of the robotic gripper equipped with P-VSDR was
established. Simulated and experimental results show that this gripper enables reliable capture of dynamic targets
with different velocities.

1. Introduction
Capturing dynamic targets is a challenging task, requiring highly developed physical structures and
nervous systems. For instance, a well-trained baseball player can capture a flying ball through eye-
hand-body coordination [1]. When the biological systems come into contact or collision with dynamic
targets, they utilize soft tissues (e.g., ligament and muscle) around the biological joints (e.g., shoulder
and elbow), to deal with the impact force, ensuring their safety and stability [2–4]. At the beginning
of contact or collision, compliant interaction is required to mitigate local stress concentrations and
overloading, preventing the rebound of dynamic targets. As the contact area expands and impact force
intensifies, higher stiffness and damping are required to absorb and dissipate the energy, avoiding serious
structural deformation or failure. According to biomechanics, the stiffness and damping of the soft tis-
sues have a dependence on the extent to which they are stretched [5]. This variable mechanism optimizes
the dynamic response of biological systems under varying impact conditions [6], which can be summa-
rized as “low stiffness and damping for low impact and high stiffness and damping for high impact.” In
other words, biological systems can soften to perform actions requiring compliance and stiffen to bear
a heavy impact load [7].

Various works have been done to transfer the biological features to robotic grippers, yet most of
them have focused on grasping static or quasi-static targets [8]. The rigid ones, integrated with high-
performance sensors and sophisticated active control algorithms, exhibited excellent performance in
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terms of controllability and load capacity [9–11]. Nonetheless, strong impacts during collisions may
cause damage to the rigid robotic systems [12]. Moreover, a slight deviation in positioning or orientation
may lead to undesired collision and bounce of the dynamic targets, resulting in capture failure [13]. In the
field of soft robotics [14, 15], researchers utilized soft materials (such as silicone rubber [16], hydrogels
[17], polyurethane [18], etc.) to design various functional soft robots (such as grasping [19], swimming
[20], jumping [21], etc.). They are expected to exhibit effective interaction in environmental settings.
Like biological joints relying on soft tissues to reduce impacts, soft robots essentially do the same [22].
Sinatra et al. developed an ultra-lightweight soft robotic gripper capable of nondestructive grasping
and manipulation of fragile marine life such as jellyfish [23]. This gripper achieves very low contact
pressure through nanofiber-reinforced soft actuators, ensuring minimal harm to jellyfish species. Lin et
al. developed a Venus flytrap-inspired soft gripper that can grasp fast-moving tennis balls by utilizing
snap-through instability and trigger structures [24]. In our previous research, a multi-tentacle gripper
inspired by a sea anemone was proposed to capture dynamic targets [1, 25, 26].

To endow soft robots with the ability to adapt to different loading conditions [27], adjustable stiffness
or damping mechanisms/materials have been developed in recent years [28–34], such as jamming mech-
anisms, antagonistic mechanisms, and smart materials. Despite some advances in the research of soft
grippers to grasp heavy objects [35], they are not comparable to biological systems in effectively buffer-
ing impacts when colliding with dynamic targets. The task of capturing dynamic targets requires fast
perception of impact forces and real-time adjustment of stiffness and damping. In terms of perception,
active detection, for example, embedded sensors, will encounter limitations in bandwidth constraints
[36]. In terms of actuation, although compliant/soft structures can provide good buffering performance,
they lead to slow response to capture dynamic targets [37].

For a robotic system to capture dynamic targets with high kinetic energy, strong contact interaction
is inevitable. The contact problem is characterized by a large range of velocity variation, short duration
of contact, and great impact force [38]. Consequently, a thorough analysis of the contact dynamics
is essential prior to the design of robotic grippers [39]. At present, many contact models have been
proposed, taking the Hertz model as the theoretical basis [40]. A commonly used contact force model
considering the damping loss is the Kelvin–Voigt model, which used a linear damping to measure the
energy loss [41]. Moreover, a number of nonlinear spring and damping models were proposed, which
took material properties, geometry of contact surfaces, elastic compression, and initial contact velocities
into consideration. Among these models, the Hunt–Crossley model can effectively explain the buffering
of impact forces and the dissipation of energy during the impact contact process [42].

This paper proposes a passive variable stiffness and damping regulator (P-VSDR) that can be inte-
grated into a robotic gripper and demonstrates its potential in impact buffering scenarios. The main
contributions include: (1) This study reveals the nonlinear effects of stiffness and damping during the
contact and collision to absorb the kinetic energy. A predefined profile for variable stiffness and damp-
ing enables low stiffness and damping for low impact scenarios and high stiffness and damping for high
impact scenarios. (2) A P-VSDR, engineered as an impact buffer for a tendon-driven robotic gripper, is
proposed. The P-VSDR utilizes passive nonlinear dynamics to enhance the buffering performance and
response speed of the robotic gripper in handling dynamic targets.

The subsequent sections of this paper are organized as follows: Section 2 elucidates the fundamental
principles governing impact contact dynamics. The mechanical design of the P-VSDR and the develop-
ment of the robotic gripper prototype are detailed in Section 3. Section 4 establishes the kinematic and
dynamic models for the gripper integrated with the P-VSDR. Subsequent to this, Section 5 presents a
series of experiments to validate the performance of the proposed prototype. Conclusion and discussion
are presented in Section 6.

2. Principle of the impact contact
In this section, the principle of variable stiffness and damping during contact is investigated to guide the
design of the robotic gripper used for dynamic capture. The impact force under constant and variable
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Figure 1. The elastic compression and restoration process of two contacting surfaces.

Table I. Mathematical descriptions and properties of the contact dynamic models.

Model Mathematical descriptions Properties
Kelvin–Voigt
model [41]

Fn = Kx + Dẋ (1) Constant stiffness and
damping

Hunt–Crossley
model [42]

Fn = Kxn
[
1 + 3(1−Cr)

2
ẋ
ẋ0

]
(2) Variable stiffness and

damping

stiffness and damping conditions was modeled based on two classical contact models: the Kelvin–Voigt
and Hunt–Crossley models, as summarized in Table I.

2.1. Modeling of the impact force
The contact process was described by using a linear viscoelastic method (the Kelvin–Voigt model) and
a nonlinear one (the Hunt–Crossley model), respectively. Figure 1 shows the elastic compression and
restoration phases between two contacting surfaces of the objects, Si and Sj . The indentation depth where
the surfaces come into contact can be equivalently regarded as either a linear or nonlinear spring-damper
system depending on the material properties [43]. In the elastic compression phase from time t0 to t1, the
relative velocity gradually decreases, and the contact force gradually increases. The maximum contact
force occurs at time t1. In this process, part of the kinetic energy of the objects was stored in the spring,
and the other part was dissipated by the damping. In the elastic restoration phase from time t1 to t2, the
deformation between the contact objects starts to restore, and the contact force gradually decreases until
it becomes 0 at time t2. In this process, part of the elastic potential energy in the spring was converted
into the kinetic energy of the objects, and the other part was dissipated through damping.

In the Kelvin–Voigt and Hunt–Crossley models, the contact stiffness between the contacting surfaces
Si and Sj can be determined by considering their material properties and radius d of contact geome-
try. Assuming the Young’s modulus of Si and Sj are Ei and Ej , and the Poisson’s ratios are νi and νj ,
respectively. The contact stiffness K between two contacting surfaces of objects is

K = 4EiEj

3
(
1 − ν2

i

)
Ei +

(
1 − ν2

j

)
Ej

√
didj

di + dj

(3)

The effective mass is

M = mimj

mi + mj

(4)

where mi and mj represent the mass of Si and Sj , respectively.
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Table II. List of simulation parameters in contact reaction.

Symbol Description Value
mi Mass of the Si 50 g
mj Mass of the Sj 100 g
vi,0 Initial velocity of the Si 3 m/s
vj,0 Initial velocity of the Sj 0 m/s
ẋ0 The initial relative velocity 3 m/s
Ei The elastic modulus of the Si 5 Mpa
Ej The elastic modulus of the Sj 5 Mpa
di Radius of the Si 5 mm
dj Radius of the Sj 15 mm
νi Poisson’s ratio of the Si 0.48
νj Poisson’s ratio of the Sj 0.48
Cr The restitution coefficient 0.5
ζ Damping ratio of the spring-damper system 0.1

The damping coefficient of a spring-damper system describes the ability of energy dissipation during
an impact process. The damping coefficient D can be calculated by

D = 2ζ
√

KM (5)

where ζ is the damping ratio of the spring-damper system.
In the Hunt–Crossley model, Cr is the restitution coefficient during the contact process, ẋ0 is the

relative initial velocities, and n is a nonlinear coefficient related to the material itself, typically taken as
1.5 [42].

2.2. Analysis of the impact force
Numerical simulation of the contact process was performed based on the Kelvin–Voigt and Hunt–
Crossley contact models, respectively. Here, we consider a scenario that the contact occurs between
two spheres made of rubber, because rubber is a typical elastic material that can be characterized by the
contact models. The parameters are presented in Table II.

Figure 2 illustrates the simulation results of impact buffering and energy dissipation, under the con-
stant stiffness-damping conditions by using the Kelvin–Voigt model and the variable stiffness-damping
conditions by using the Hunt–Crossley model. Figure 2(a) shows the impact force Fn exhibiting a hys-
teresis loop. The area enveloped by the impact and restoration curves indicates the dissipated energy.
When the two surfaces initially contact, the positive relative velocity ẋ results in a positive damping force,
while the indentation depth x is zero and the corresponding spring force is zero, causing the initial state
of the impact force Fn in the Kelvin–Voigt model to offset from the origin. Figure 2(b) illustrates the
damping and stiffness as functions of indentation. It can be seen that a constant stiffness (8000 N/m) and
a constant damping (3.2 Ns/m) are utilized in the Kelvin–Voigt model, while variable stiffness (increas-
ing to approximately 1000N/m) and damping (increasing to approximately 4 Ns/m) are employed in the
Hunt–Crossley model.

Figure 2(c) presents a comparative analysis of the impact force Fn across different models. During
the contact process between the spheres Si and Sj , the maximum impact force in the Kelvin–Voigt model
reaches 43 N, with an approximate duration of contact of 0.006 s. However, in the Hunt–Crossley model,
the maximum impact force is 18 N, with a duration of contact of about 0.02 s. In contrast to the constant
stiffness of the Kelvin–Voigt model, the Hunt–Crossley model exhibits a superior ability to reduce peak
impact forces and extend the duration of contact. These characteristics are crucial for mitigating the
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(a) (b)

(c) (d)

Figure 2. Comparison of contact dynamics: constant stiffness-damping (Kelvin–Voigt model) versus
variable stiffness-damping (Hunt–Crossley model). (a) Impact force and dissipated energy with respect
to indentation depth. (b) Variation of stiffness and damping in the two models. (c) Impact force as a
function of time. (d) Kinetic energy of the dynamic target as a function of time.

detrimental effects of impact force, enabling more effective energy distribution and dissipation through-
out the collision process. This results in a more robust resistance to the potential for damage caused by
dynamic loading conditions

The effects of variable stiffness and damping are also demonstrated from the viewpoint of energy. The
ratio between the Ki,0–Ki and corresponding Ki,0 is used to characterize the kinetic energy dissipation
efficiencies η, as shown in Eq. (6).

Ki,0 = 1

2
mivi,0

2, Ki = 1

2
mi,0

2, η = Ki,0 − Ki

Ki,0

× 100% (6)

where Ki,0 is the initial kinetic energy of the Si at the time of impact, Ki is the kinetic energy of the Si

at the time of separation, and Ki,0–Ki is the dissipated kinetic energy of the Si at the time of separation.
Figure 2(d) compares the kinetic energy of the dynamic target Si obtained by the Kelvin–Voigt and Hunt–
Crossley models. The dynamic target Si initially had a kinetic energy of 0.225J and was reduced to 0.125J
by using the Kelvin–Voigt model, with the kinetic energy dissipation efficiency of 44.4%. However, the
kinetic energy of the dynamic target was reduced to 0.098J by using the Hunt–Crossley model, with
the kinetic energy dissipation efficiency of 56.4%. Compared to the constant damping characteristic of
the Kelvin–Voigt model, the Hunt–Crossley model effectively enhances energy dissipation and extends
the duration of impact engagement. This improved energy dissipation capacity plays a critical role in
suppressing impact oscillations, thereby contributing to a more stable response for dynamic capture.

In the context of the Hunt–Crossley model, the deceleration in the increasing rate of stiffness during
collision effectively prolongs the interaction time between objects, consequently attenuating peak impact
forces. Simultaneously, the accelerated increase in damping reduces the elastic potential energy and
enhances energy dissipation. This variable stiffness and damping approach, in contrast to a constant
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Linear spring-damper unit

Slider Guide rod TendonPulleyNon-linear transmission unit

Orifice Spring Piston rodhydraulic cylinder

(a) (b) (c)

θb,0

rro
hro Before impact After impactDuring impact

θb Fte
Xt

Lt

Figure 3. Working principle of the P-VSDR. (a) The initial state with no external impact load. (b) The
compressing state due to external impact load Fte. (c) The restoration state when external impact load
vanishes.

stiffness and damping configuration, provides substantial promise for improving impact buffering and
energy dissipation for dynamic target capturing. At the beginning of dynamic target capturing, where
minimal deformation and low impact forces are prevalent, reduced stiffness and damping help prevent an
overly rigid system response, thereby mitigating the risk of target bouncing. As the process progresses
into the later stages of dynamic target capturing, characterized by increased deformation and significant
impact forces, elevated stiffness and damping become instrumental in expediting energy dissipation and
suppressing the tendency for impact resonance.

Leveraging the principles of the Hunt–Crossley model, a tailored variable stiffness and damping
mechanism for dynamic target capturing is proposed, inspired by the concept of “low stiffness and
damping for low impact and high stiffness and damping for high impact,” to guide the design of our
gripping mechanism.

3. Principle of the P-VSDR
The primary challenge in constructing a gripper for dynamic capture is to develop a compliant mecha-
nism embedded with variable stiffness and damping. In this section, a P-VSDR was proposed by utilizing
a special compliant structure that combines the nonlinear motion of tendons with linear elastic ele-
ments. The P-VSDR was then integrated into a robotic gripper to achieve impact buffering and energy
dissipation for capturing dynamic targets.

3.1. Design methodology of the P-VSDR
The P-VSDR consists of a linear spring-damper unit and a nonlinear tendon-driven transmission unit,
as shown in Fig. 3. The linear spring-damper unit is composed of a hydraulic cylinder and a bypass
orifice. The hydraulic cylinder contains a piston rod and a linear spring. The nonlinear transmission unit
is composed of a pulley, a guide rod, and a slider. One end of the tendon is fixed to the slider, while
the other end is fixed to the piston rod via the pulley. Frictions from pulleys, sliders, and piston rods are
reduced by using the ball and linear bearings, as well as the lubrication provided by the hydraulic oil in
the cylinder; thus, frictions are assumed to be negligible in comparison to the dynamic impact during
the capture process.

When the impact force Fte is applied to the slider, the slider moves along the guide rod in the direction
of the impact force. At this time, the angle between the tendon and the slider, θ b, decreases. It is important
to note that this change of the angle θ b is nonlinear. The impact force Fte pulls out the piston rod via the
tendon, causing the spring to compress and the hydraulic oil to flow back into the right chamber through
the orifice. From the viewpoint of energy, the impact energy is partially transferred to the elastic energy
in the spring, and partially dissipated by the orifice, as shown in Fig. 3(b). When the impact process is
finished, the energy stored in the linear spring will be released, pushing the piston rod to the initial state.
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The hydraulic oil returns to the left chamber through the orifice, dissipating part of the energy stored in
the linear spring again, thereby allowing the slider to return to its initial position, as shown in Fig. 3(c).

The slider moves along the guide rod with a displacement X t that can be expressed by the angle θ b

as

Xt = rro

(
sin θb,0 − sin θb

)+ hro − rro cos θb

tan θb

− hro − rro cos θb,0

tan θb,0

(7)

where rro is the radius of the pulley, hro is the distance from the center of the pulley to the centerline of
the guide rod, and θ b,0 is the initial angle between the tendon and the guide rod.

The geometric relationship between the displacement Lt of the piston rod and the angle θ b of the
guide rod is

Lt = πrro

(
θb,0 − θb

)
180

+ hro − rro cos θb

sin θb

− hro − rro cos θb,0

sin θb,0

(8)

The resulting force on the slider is composed of the spring force Fk and hydraulic force Fd .

Fk = ksLt cos θb (9)

Fd = πρ cos θbRp
2
(
Rp

2 − rp
2
)2

2Cd
2ro

4

((
L̇t,0

)2 − ksLt
2
(
ms + mp

)
msmp

)
(10)

Thus, the horizontal force Fte on the slider is

Fte = Fk + Fd (11)

where ks is the stiffness of the liner spring in the left chamber of the hydraulic cylinder, Cd represents
the flow coefficient of the hydraulic oil through the orifice of orifice, ρ is the density of the hydraulic
oil, Rp is radius of the piston, rp is radius of the piston rod, ro is radius of the orifice, and ms and mp are
the mass of the spring and the piston rod, respectively.

The ratio of the spring force change �Fk to the corresponding slider displacement change � X t , as
shown in Eq. (12), is used to characterize the output effective stiffness on the slider

Keff = �Fk

�Xt

(12)

The ratio of the damping force change �Fd and the corresponding slider velocities change � Ẋt, as
shown in Eq. (13), is used to characterize the output effective damping coefficient on the slider

Deff = �Fd

�Ẋt

(13)

3.2. Simulated analysis of the variable stiffness and damping
According to Eq. (10)–(13), the variation of the effective stiffness Keff and damping coefficient Deff of
the P-VSDR with respect to the geometric parameters (hro, ks, and ro) can be obtained and shown in
Figs. 4 and 5.

In Fig. 4(a), the variation in the distance hr0 from the pulley center to the guide rod centerline has a
negligible effect on the effective stiffness curve (i.e., the Xt–Keff relationship) of the P-VSDR. Conversely,
the effective stiffness curve is significantly influenced by the spring stiffness ks and the orifice radius
ro. It can be seen from Fig. 4(b) and (c) that a decrease in the spring stiffness ks and an increase in
the orifice radius ro both result in a reduced gradient of the effective stiffness curve. In summary, the
effective stiffness of the P-VSDR, K eff, exhibits a nonlinear variation with respect to the displacement of
the slider, Xt . Initially, the slope is relatively large. However, as the displacement of the slider increases,
the slope of the stiffness decreases. This behavior reflects the capability of the P-VSDR for mitigating
peak impact forces and extending the duration of impact engagement, which is essential for capturing
dynamic targets.
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Figure 4. The effective stiffness Keff of the P-VSDR with respect to structural parameters. (a) distance
hr0, (b) spring stiffness ks, (c) the orifice radius r0.

Figure 5. The damping coefficient Deff of the P-VSDR with respect to structural parameters. (a) distance
hr0, (b) spring stiffness ks, (c) the orifice radius r0.

In Fig. 5, the effective damping curve (i.e., the Xt–Deff relationship) is significantly influenced by
those structural parameters including the distance hr0 from the pulley center to the guide rod centerline,
the spring stiffness ks, and the orifice radius ro. It can be seen that a decrease in hr0, a reduction in ks,
and an increase in ro all lead to a decreased gradient of the effective stiffness curve. In summary, Fig. 5
shows that the effective damping of the P-VSDR, Deff , increases with the displacement of the slider,
Xt . Unlike stiffness, the damping exhibits an increasing slope, which enhances the energy dissipation
capabilities. This characteristic is critical for suppressing impact oscillations and contributes to a more
stable system response under substantial impact loads, thereby improving the stability of the dynamic
capture process.

It is worth noting that the nonlinearity of the stiffness and damping can be designed by altering spring
stiffness ks and orifice radius r0, as shown in Figs. 4 and 5. Optimal stiffness and damping profiles (i.e.,
optimized structural parameters) for a specific dynamic target can be obtained by defining an appropriate
objective function, for example, maximum energy dissipation. Considering the actual components used
for the fabrication of the P-VSDR, the main parameters listed in Table III were selected in the simulation
and experiment.

To understand the effectiveness of the P-VSDR in impact buffering and energy dissipation, a com-
parative analysis of the impact contact for two regulators was carried on: (1) The passive constant
stiffness-damping regulator (P-CSDR) in which the tendon is directly attached to the linear spring-
damper unit. (2) The P-VSDR in which the tendon is attached to the linear spring-damper unit through
a nonlinear transmission unit.

For the P-CSDR, the impact force with respect to the slider displacement X t is shown in Fig. 6(a).
The output effective stiffness of 100 N/m (equal to the stiffness of the linear spring) and damping of 0.98
Ns/m on the slider do not change with the slider displacement X t . It can be seen that the maximum impact
force is 8.2 N. In the P-VSDR, the output effective stiffness and damping on the slider change in real-time
with the slider displacement X t under the same simulation parameters (see Table III). In this case, the
output effective stiffness and damping on the slider gradually approach the P-CSDR stiffness-damping
value 100 N/m and 0.98 Ns/m as displacement X t increases, as shown in Fig. 6(b). The maximum
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Table III. List of simulation parameters in collision.

Symbol Description Value
ms Mass of the spring 2 g
mp Mass of the piston rod 5 g
ro The orifice radius 1.5 mm
Rp The piston radius 10 mm
rp The piston rod radius 2 mm
Cd The flow coefficient of the hydraulic oil 0.66
ρ The density of the hydraulic oil 850 kg/m3

rro The radius of the pulley 4 mm
hro The distance from the center of the pulley

to the centerline of the guide rod
9 mm

θ b,0 The initial angle between the tendon and
the guide rod

85 degrees

mta Mass of the dynamic target 150 g
vta,0 Initial velocity of the dynamic target 5 m/s

(a) (b)

Figure 6. Simulated comparison of the P-CSDR and P-VSDR. (a) Impact force and dissipated energy.
(b) Variation of stiffness and damping in the P-CSDR and P-VSDR, respectively.

impact force on the slider is reduced to 5.7 N. The area enveloped by the impact and restoration curves
indicates the dissipated energy. It is 1.56 J in the P-VSDR while 0.84 J in the P-CSDR, as shown in
Fig. 6(a). According to Eq. (6), the energy dissipation efficiency of 83.2% in the P-VSDR is greater than
that of 44.8% in the P-CSDR.

By comparing the simulation results in an impact process, it is found that the slider displacement and
time in the P-VSDR are greater than that in the P-CSDR, while the impact force and energy dissipation
are noticeably better than the results of the P-CSDR.

3.3. Design of the robotic gripper
The robotic gripper developed in this section consists of a tentacle cluster capture mechanism, a deploy-
able mechanism driven by a linear motor that opens and closes the gripper, and the passive nonlinear
stiffness and damping regulators, which are shown in Fig. 7(a). Each tentacle is composed of an elastic
layer on its ventral side and discrete limiting blocks on its dorsal side, as shown in Fig. 7(b). In compar-
ison to other capture mechanisms (e.g., net, fingered gripper), the use of a tentacle cluster can achieve
an omni-directional envelope to the dynamic target [26] and therefore improve the fault tolerance in the
capture process.
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(i)

(ii)

(iii)

Energy storage and
dissipation

Energy dissipation

During impact After impact Before impact 

(i) (ii) (iii)

(a)

(c)

(b)

Figure 7. Prototype of the robotic gripper. (a) The robotic gripper is mainly composed of (i) a cluster
capture mechanism, (ii) a deployable mechanism, and (iii) the passive variable stiffness and damp-
ing regulators. 1. The tentacles 2. Links base. 3. Linear motor 4. Tendon 5. Guide pulley 6. P-VSDR.
(b) Concept of the tentacle cluster with stiffness anisotropy and its strategy for capturing dynamic tar-
gets. (c) Three stages of the robotic gripper are (i) before the impact, (ii) during the impact, and (iii)
after the impact and impact energy buffering and energy dissipation principles.

In this section, we integrate the proposed P-VSDR into the tentacle by connecting the tendon of the
tentacle to the slider of the P-VSDR, as shown in Fig. 7(c). There are three states of the P-VSDR following
the deformation of the tentacle:

1. Before the impact on the tentacle, the P-VSDR and the tentacles maintain the initial state, and
stiffness and damping of the P-VSDR do not change, as shown in Fig. 7(c-i).

2. During the impact, the tentacles start bending, and the tension on the tendon increases. The
impact force is transmitted through the tendon to the P-VSDR, which buffers the impact force
to reduce the speed of the dynamic target, as shown in Fig. 7(c-ii). A part of the kinetic energy
of the dynamic target is stored in the compressed spring within the hydraulic cylinder and the
elastic deformation of the tentacle. The rest kinetic energy is dissipated through the damping
orifice.
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Figure 8. Kinematic model of the tentacle. (a) Frames of blocks and elastic layer. (b) Relationship
between driving cables and routing holes.

3. After the impact, the tentacle goes back to its initial position, and the tension on the ten-
don decreases. The energy stored in the spring and tentacle is released, leading to the reverse
movement of the slider, and eventually dissipated by the orifice, as shown in Fig. 7(c-iii).

This regulator can passively vary the stiffness and damping level to accommodate the impact forces,
eliminating the need for complex active sensing and feedback control. When contact just occurs, charac-
terized by low impact, the tentacle operates in a low stiffness and damping configuration. This ensures
safe engagement with the target while minimizing rebound. Then, both stiffness and damping gradu-
ally increase to prolong the interaction time. This effectively reduces peak impact forces and enhances
energy dissipation.

4. Modeling of the robotic gripper equipped with P-VSDR
In this section, a dynamic model of the robotic gripper equipped with P-VSDR is established to analyze
the impact buffering and energy dissipation behaviors.

4.1. Kinematic model of the tentacle
The limiting block n (n = 1, 2, 3, . . ., n) on a tentacle is denoted as blockn, where block0 denotes the
base. As shown in Fig. 8(a), blockn-1, blockn, and the elastic layer constitute a microelement segment n,
referred to as Segn. The spatial frame o0-x0y0z0 is fixed at the center of the base. A series of local frames
on-xnynzn and on-1-xn-1yn-1zn-1 are established at the location of the fixed point where each limiting block
is connected to the elastic layer [26], as shown in Fig. 8(b). In each local frame, the x direction points
to the position of the tendon hole, the y direction is parallel to the direction of the elastic layer, and the
z direction is tangent to the equivalent spatial curve of the elastic layer.

Screw theory is utilized to provide an intuitive and concise description of the motion of the tentacle
[44–47]. The analytic model of the proposed tentacle is deduced in Appendix A, where the theoretical
explanation of the abovementioned kinematics is presented.

The transformation matrix of exponentials (POE) formula from the base to the impact Segn of the
tentacle is expressed as

eθn ·ξ̂n =
[

rn pn

0 1

]
∈ SE (3) (14)
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The POE transformation matrix of the impact Segn relative to the spatial frame can be computed as
follows:

Tn,k (q) =
(

n−1∏
m=1

eθm ·ξ̂m

)
· eθn ·ξ̂n Tn (0) =

[
Rn,k Pn,k

0 1

]
, k ∈ [0, L] , n = 1, 2 · · · NSeg (15)

where eθn ·ξ̂n ∈ SE(3) is the screw motion of the Segn, ξ̂ n is the twist of the Segn with respect to the Segn-1,
ξ n is the twist frame of the motion of the Segn., and T (0) is the initial position and orientation of the
tentacle at time 0.

When a dynamic target impacts the Segn of the tentacle, the Segn is deformed to form a constant-
curvature mini-arc. The radius of this mini-arc is

Dn = lSeg

θn

(16)

Based on the deformed parameters of the elastic layer, the value of the change in the length of the
tendon on Segn can be obtained as follows:

ten =
⎡
⎣2 sin

(
θn

2
− arctan

Lte + dnθte,0

2N (dn + Dn)

)√(
Lte + dnθte,0

2N

)2

+ (dn + Dn)
2

⎤
⎦ cos (ϕn)

−1 (17)

where dn is the distance from the tendon hole to the position of the frame center axis and θ te,0 is the
initial deformation angle of the elastic layer.

The value of the total length change of the tendon is a function of the parameters
θ = [θ1 θ2 · · · θn · · · θN]T and ϕ = [ϕ1 ϕ2 · · · ϕn · · · ϕN]T with respect to the spatial configuration of the
tentacle as follows:

Xt (θ , ϕ) =
N∑

n=1

ten (18)

4.2. Dynamic model of the tentacle
Assuming all tentacles have the same structure, in the model, we take a single tentacle as an example to
analyze the contact dynamics. The tentacle will bend inward after being impacted by the dynamic target.
Therefore, it is necessary to develop a dynamic model for the tentacle to judge whether the target can
pass through the tentacles and be captured. Meanwhile, the established dynamic model can also be used
to analyze the impact buffering and energy dissipation capabilities during the collision. In this section,
an effective dynamic model based on the principle of virtual power is established [48, 49], which can
achieve the calculation and simulation of impact force buffering and energy dissipation.

In this section, a contact dynamic model of the tentacle is established based on the principle of virtual
power, which is presented in Appendix B. According to the forces of the tentacle that may be suffered,
the virtual power equation of the system can be written as

δPI
b + δPI

e + δPe + δPte = δPg,b + δPg,e + δPimp (19)

Equation (19) can be rewritten as

δq̇T
(
(Mb + Me)q̈ + Fe + Fte − Qg,b − Qg,e − Qimp

)= 0 (20)
M = Mb + Me (21)

where M represents the generalized mass matrix.
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Figure 9. Simulation of the capture process. (a) Before the impact. (b)–(e) During the impact. (f)
After the impact. (g) Impact force and target velocity when using the tentacle equipped with P-CSDR.
(h) Impact force and target velocity when using the tentacle equipped with P-VSDR.

The contact dynamics of the whole system when a dynamic target with mass m impacts a tentacle is
calculated as ⎧⎪⎪⎪⎨

⎪⎪⎪⎩

mP̈n,k + Fimp = 0

Mq̈ + Fe + Fte − Qg,b − Qg,e − Qimp = 0

Pn,k (0) = 0, Ṗn,k (0) = vta,0

q (0) = 0, q̇ (0) = 0

(22)

4.3. Simulation validation of the robotic gripper
In this section, the impact between the gripper and dynamic target in a plane is illustrated by simulation.
Figure 9(a)–(f) depicts the dynamic target capture process involving a pair of tentacles equipped with
P-VSDR:

(a) Before contact, the dynamic target is approaching the tentacle, which is in its initial state.
(b) Initial contact occurs when the dynamic target hits the dorsal side of one tentacle.
(c) The tentacle starts bending, and the impact force is relatively low; thus, the P-VSDR system

responds with low stiffness and damping to gently absorb the initial impact.
(d) As the deformation of the tentacle and the impact force increases, the P-VSDR generates high

stiffness and damping configuration to manage the growing impact forces.
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(e) After the dynamic target has decelerated, it is intercepted by the ventral side of the other tentacle
and falls into the gripper.

(f) The capture is completed, and the tentacles return to their initial state.

This sequence demonstrates the adaptive nature of the tentacle equipped with a P-VSDR, which can
passively modulate its stiffness and damping.

Figure 9(g) and (h) shows the variations of impact force and target velocity by using the tentacle
equipped with P-CSDR and P-VSDR, respectively. The dynamic target used for simulation has an initial
velocity of 5 m/s, a radius of 15 mm, and a mass of 150 g. The entire process is in video S1 of the
supplementary materials. It can be seen in Fig. 9(g) that the maximum impact force was 10.52 n with a
target velocity of 3.01 m/s and the interaction time duration is 0.25 s. The energy dissipation efficiency,
calculated with Eq. (6), was 63.76%. In contrast, Fig. 9(h) presents the results for a tentacle equipped
with a P-VSDR, which results in a reduced maximum impact force of 6.13 n with a target velocity of
1.79 m/s, and the interaction lasts 0.5 s. The P-VSDR achieved a significantly higher energy dissipation
efficiency of 87.18%. This comparative analysis of the simulation results shows the impact mitigation
and energy dissipation capabilities of the P-VSDR-equipped tentacle, which are critical for the capture
of dynamic targets.

5. Experimental validations
In this section, a series of experiments were carried out to evaluate the impact buffering and energy
dissipation performance of tentacles equipped with P-VSDR.

Figure 10(a) shows a robotic gripper with tentacles uniformly arranged in a circular pattern, designed
to form a “trap” for dynamic targets approaching from any direction. Eight P-VSDRs are mounted on
the bottom of the tentacles accordingly. To provide a comparative analysis, the P-VSDR can be replaced
by the P-CSDR as shown in Fig. 10(b).

Figure 10(c) provides a schematic of the experimental setup, including the tentacle and a target
launcher. The movement of the marker ball was recorded by a dynamic capture system (Mars1.3HW,
NOKOV Science & Technology Co., Ltd.). The frame rate was set to 100 fps, and the resolution was
1280 × 1024 PPI.

5.1. Impact contact of the tentacle
Figure 11 illustrates a series of demonstrations involving a marker ball with a diameter of 20 mm and a
mass of 115 g. The ball is propelled toward the tentacle with impact velocities of 1 m/s, 1.5 m/s, and 2
m/s. The term "impact time" refers to the moment when the marker ball makes contact with the tentacle
for the first time, while "separation time" means the instant when the ball ceases contact and detaches
from the tentacle. The time interval between them is defined as the "duration of contact."

In Fig. 11(a), the initial high stiffness and damping of the P-CSDR result in quick contact and sep-
aration, causing the marker ball to rebound after impact. This behavior indicates a shorter interaction
time and a higher peak force. In Fig. 11(b), the variable stiffness and damping of the P-VSDR extend
the duration of contact, reducing the peak impact force and enabling smooth energy dissipation. It can
be seen that the rebound of the marker ball is reduced as well.

Figure 11(c) provides the velocity profiles of the marker ball with impact velocities of 1 m/s, 1.5 m/s,
and 2 m/s. It can be seen that the marker ball experiences a rapid velocity reduction at impact time in
the case of P-CSDR. In contrast, if the P-VSDR is utilized, the marker ball exhibits velocity oscillations
when contact occurs due to the low damping of the tentacle. These oscillations will be suppressed as the
damping value increases. Furthermore, the variable stiffness prolongs the duration of contact between
the marker ball and the tentacle. Video S2 in the supplementary materials shows the experiment process.

Figure 11(d) presents the duration of contact for the tentacle equipped with P-CSDR and P-
VSDR, respectively, at impact velocities of 1 m/s, 1.5 m/s, and 2 m/s. The duration of contact for
the tentacle equipped with P-CSDR is 350 ms, 270 ms, and 220 ms, whereas 640 ms, 590 ms, and
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P-VSDR

P-VSDR

P-CSDR
A target launcher

Tentacle

The marker ball

Tendon

(c)

Slope

Figure 10. Experimental platform for evaluating contact dynamics between a dynamic target and ten-
tacles equipped with P-VSDR and P-CSDR. (a) The robotic gripper composed of tentacles with modular
design. (b) Tentacles of the same structure are connected to P-VSDR and P-CSDR, respectively. (c) The
experimental setup.

480 ms for the tentacle equipped with P-VSDR. These results show the capability of the P-VSDR to mit-
igate peak impact forces by prolonging the duration of contact. The extended duration of contact also
provides the gripper more time to capture dynamic targets, thereby improving the success rate of the
capture.

Figure 11(e) presents the energy dissipation efficiency of the tentacle integrated with P-CSDR and
P-VSDR at impact velocities of 1 m/s, 1.5 m/s, and 2 m/s. According to Eq. (6), the P-CSDR achieves
energy dissipation efficiencies of 60.31%, 59.04%, and 60.93%, respectively, with an average efficiency
of 60%. In contrast, the P-VSDR achieves efficiencies of 68.64%, 83.46%, and 86.68%, with an average
of 80%. These experimental results are consistent with the simulated results obtained from the dynamics
model presented in Section 4.3. Notably, the P-VSDR enables a more efficient energy dissipation process,
particularly for the target with high initial velocity.

5.2. Potential applications
In this section, the gripper was mounted on a continuum robot, as shown in Fig. 12(a), to demonstrate
its dynamic capture capability.

Figure 12(b) presents a demonstration of capturing a polyhedral target with a diameter of 82 mm
and a mass of 116 g. The target was launched at initial velocities of 3 m/s, 4 m/s, and 5 m/s, with 20
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Figure 11. A marker ball hit the tentacle equipped with P-CSDR and P-VSDR at impact velocities of
1 m/s, 1.5 m/s, and 2 m/s. (a) The contact process by using the P-CSDR with constant stiffness and
damping. (b) The contact process by using the P-VSDR with variable stiffness and damping. (c) The
velocity profiles of the marker ball. (d) The duration of contact. (e) The energy dissipation efficiency.

capture attempts made at each velocity, achieving success rates of 90%, 95%, and 95%, respectively.
Supplementary Video S3 illustrates that the gripper does not require precise trajectory measurement of
the target; it only needs to intercept the dynamic target by putting the gripper approximately on the path
of the target [26].

Another demonstration is to capture a drone. As shown in Fig. 12(c) and Supplementary Video S4,
the drone, flying at velocities of 3 m/s, 6 m/s, and 9 m/s, was successfully captured. Twenty
attempts were made at each speed, resulting in success rates of 60%, 75%, and 90%. This posi-
tive correlation between dynamic target velocity and success rate may be attributed to the enhanced
kinetic energy at higher speeds, which helps the drone effectively travel through the tentacles of the
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Figure 12. The robotic gripper captures demonstrations. (a) Gripper mounted on a continuum arm.
(b) Capturing a polyhedron. (c) Capturing a drone.

gripper. This demonstration confirms the feasibility of utilizing the gripper for capturing dynamic
targets.

6. Conclusion and discussion
This study addressed the challenges of dynamic capture by introducing a novel robotic gripper equipped
with a P-VSDR. Unlike conventional rigid grippers that risk impact damage or rely on complex sensing
and control systems and traditional soft grippers lacking of stiffness and damping for impact buffering,
the proposed gripper offers a tailored approach to adjust the stiffness and damping during the contact.

By analyzing the Kelvin–Voigt and Hunt–Crossley models, it was found that reducing stiffness and
damping at the initial stage of contact can minimize impact force, preventing the target from rebound.
Then, increasing stiffness and damping at the later stage of contact will guarantee sufficient strength for
capturing the target and dissipating kinetic energy.

The P-VSDR encapsulates this strategy by adopting a nonlinear tendon-driven transmission unit.
Through simulations and experiments, it was validated that the P-VSDR effectively prolongs the duration
of contact and reduces the peak impact force. As a result, the energy dissipation efficiency reaches
86.68%, which has a significant improvement in comparison to the one using constant stiffness and
damping.

The passive mechanism used in this paper is suitable for tasks where rapid response and system
reliability are priority, for example, capturing a dynamic target. Our future work will investigate active
control based on the electric controller and sensors, enhancing system adaptability to deal with various
scenarios and conditions.

Supplementary material. The supplementary material for this article can be found at https://doi.org/10.1017/
S0263574725102105.
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Appendix
A. Kinematic model of the tentacle based on screw theory
Assuming that the microsegments are all equal-curvature microarcs, the shape of Segn can be expressed
in terms of two sets of configuration parameters θ n and φn, which form the spatial configuration vectors
q of the tentacles as

q = [
qT

1 · · · qT
n · · · qT

N

]T (23)

where qT
n is denoted as

qT
n = [

ϕn θn

]T (24)

The tentacle is equivalent to N equal curvature deformed microsegments tangent and connected the
top to base, whose elastic layer can be conceptualized as the central backbone of the continuum robot,
as shown in Fig. 8(b). The length of the Segn elastic layer can be expressed as

lSeg = Lte

N
(25)

where Lte is the total length of the elastic layer.
Given the axis of rotation ω and point p on the axis, the twist of the circular motion can be obtained.

For the Segn of the tentacles, the twist of the geometry is expressed as

ξ n =
[
− sin ϕn cos ϕn 0 0 0 lSeg

θn

]T

(26)
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If the Segn of the tentacle is not deformation, the twist of the Segn is

ξ n = [
0 0 0 0 0 1

]T (27)

B. Dynamic model of the tentacle based on the principle of virtual power
According to the structure of the tentacle, it can be divided into the limiting block and the elastic layer.
The virtual power of the tentacle can be given as follows:

(1) Virtual Power of the Inertial Force of the Limiting Block: The virtual power δPI
b of the inertial

force of the limiting block is defined as

δPI
b =

N∑
n=1

δṗT
n mb,np̈n + δωn

T (Jc
nω̇n + ωn × (

Jc
nωn

))= δq̇T (Mbq̈ + Qb) (28)

where mb,n and Jc
n are the mass and moment of inertia matrix of the Segn limiting block, respectively.

Mb and Qb are the mass matrix and inertia force vector of the limiting block, respectively.
(2) Virtual Power of the Inertial Force of the Elastic Layer: The virtual power δPI

e of the inertial force
of the elastic layer is defined as

δPI
e =

N∑
n=1

∫ lSeg

0

((
δṙs

n

)T
r̈s

n + (
δωs

n

)T (
Js

nω̇
s
n + ωs

n × (
Js

nω
s
n

)))
ρeds = δq̇T (Meq̈ + Qe) (29)

where the velocity vector ṙs
n and angular velocity vector ωs

n of the cross-section at arc length s on the
centroid line of the elastic layer of the Segn can be obtained. Js

n denotes the moment of inertia matrix for
the elastic layer of the Segn with length ds

n in the deformed configuration. ρe is the mass density of the
cross-section of the elastic layer. Me and Qe are the mass matrix and inertia force vector of the elastic
layer of the Segn, respectively.

(3) Virtual Power of Elastic Forces of the Elastic Layer: The elastic effect of the elastic layer of a
tentacle explains the forces and moments generated by deformation within the elastic layer. Therefore,
the virtual power of the deformation stress and torsional stress of the elastic layer within this Segn is
generated as

δPe = EIyy

lSeg

N∑
n=1

θnδθ̇n + GIzz

lSeg

N∑
n=1

ϕnδϕ̇n = δq̇TFe (30)

where Iyy represents the moment of inertia of the elastic layer cross-section about the neutral axis y,
Izz represents the moment of inertia of the elastic layer cross-section about the neutral axis z, E represents
the elastic modulus of the elastic layer, G is the shear modulus of the elastic layer, and Fe represents the
internal stress vector of the elastic layer.

(4) Virtual Power of the P-VSDR: The virtual power of the tension on the tendon caused by the
P-VSDR is

δPte = FteδẊt = δq̇TFte (31)

where Fte represents the horizontal force on the slider.
(5) Virtual Power of Gravity of the Limiting Block: The center of mass of the limiting block is located

at the fixed point where each limiting block is connected to the elastic layer. The virtual power of the
gravity of the limiting block is defined by

δPg,b =
N∑

n=1

δṗn
Tmb,ng = δq̇TQg,b (32)

where Qg,b is the generalized gravity vector of the limiting block.
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(6) Virtual Power of Gravity of the Elastic Layer: The virtual power of the gravity of the elastic layer
is defined by

δPg,e =
N∑

n=1

∫ lSeg

0

(
δṙs

n

)T
ρegds = δq̇TQg,e (33)

where Qg,e is the generalized gravity vector of the elastic layer.
(7) Virtual Power of External Impact force: A concentrated impact force Fimp acting on the centroid

line at arc length k can be transformed into a distributed force Fimp,d = Fimp δk(s-Lk) by introducing the
Dirac delta function. Thus, the virtual power of external impact force can be calculated by

δPimp =
N∑

n=1

∫ lSeg

o

(
δṙs

n

)T
Fimp,dds = δq̇TQimp (34)

where Qimp is the generalized external impact force vector.
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