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Abstract— This paper presents a novel underactuated adap-
tive robotic hand, Hockens-A Hand, which integrates the
Hoeckens mechanism, a double-parallelogram linkage, and a
specialized four-bar linkage to achieve three adaptive grasping
modes: parallel pinching, asymmetric scooping, and enveloping
grasping. Hockens-A Hand requires only a single linear actua-
tor, leveraging passive mechanical intelligence to ensure adapt-
ability and compliance in unstructured environments. Specifi-
cally, the vertical motion of the Hoeckens mechanism introduces
compliance, the double-parallelogram linkage ensures line con-
tact at the fingertip, and the four-bar amplification system
enables natural transitions between different grasping modes.
Additionally, the inclusion of a mesh-textured silicone phalanx
further enhances the ability to envelop objects of various
shapes and sizes. This study employs detailed kinematic analysis
to optimize the push angle and design the linkage lengths
for optimal performance. Simulations validated the design by
analyzing the fingertip motion and ensuring smooth transitions
between grasping modes. Furthermore, the grasping force was
analyzed using power equations to enhance the understanding
of the system’s performance.Experimental validation using a
3D-printed prototype demonstrates the three grasping modes of
the hand in various scenarios under environmental constraints,
verifying its grasping stability and broad applicability.

I. INTRODUCTION

Over the past few decades, robotic end-effectors have
undergone remarkable development, evolving from rigid
industrial clamps to bionic systems capable of adaptive
manipulation. This evolution is aimed at meeting the needs
of operating in unstructured environments, where traditional
fully-actuated mechanisms perform poorly.

Dexterous hands, represented by the Utah/MIT Hand’s
pneumatic tendon system [1] and the DLR Hand’s modular
finger design [2], achieve remarkable manipulation versa-
tility through independent joint control. The Stanford/JPL
Hand’s 9 degrees of freedom (DOF) [3] enabled precision
tasks, while NASA’s Robonaut Hand [4] demonstrated tool
manipulation in space environments. However, the intrinsic
limitations of these systems, such as high complexity, ex-
cessive weight, and high cost, have spurred the emergence
of underactuated mechanisms that sacrifice active DOFs for
mechanical intelligence.
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In the early stage, underactuated hands were divided into
three modes: coupled, parallel, and self-adaptive. Subse-
quently, the coupled self-adaptive mode (COSA mode) and
the parallel self-adaptive mode (PASA mode) were further
proposed[5]. Some well-known representatives include: the
SARAH hand, the first hand used on the Space Station [6],
the Barrett hand that achieves adaptability with four motors
[7], the Robotiq hand where two fingers share one motor
[8], which realizes PASA mode and the SDM hand, an
underactuated robot hand with four fingers [9].

The PASA mode addresses the shortcoming of traditional
parallel grasping robotic hands. When these hands perform
grasping, the end-effector trajectory is circular, making it
impossible to grasp thin-plate objects. By introducing var-
ious parallel mechanisms, parallel movement of the end-
effector can be achieved, such as the Chebyshev linkage [10],
the Hoeckens Mechanism [11], the Differential and Watt
Linkages [12], and Rack-Crank-Slider Mechanism[13]. Yoon
used Hart linkage mechanism coupled with a parallelogram
to realize a fully passive robotic finger adaptable to the
environment [14].

Hockens-A Hand.

Fig. 1.

This paper presents the Hockens-A Hand, a novel un-
deractuated adaptive robotic hand equipped with a dual-
parallelogram Hoeckens mechanism, which addresses vari-
ous manipulation challenges through geometric innovation.

The key contributions of the Hockens-A Hand are as
follows. Its co-axial linkage configuration, controlled by
a single actuator, enables three grasping modes. For thin
objects, it uses asymmetric scooping; for thick objects,
symmetric scooping and enveloping grasps are employed,
while direct parallel pinching is used for normal-sized items.
Moreover, the hand can passively shift between these modes
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due to the intrinsic constraints of the linkage, allowing
adaptive grasping under environmental constraints, such as
contact with a table or irregular surfaces.To validate its
practical performance, a 3D-printed prototype was con-
structed, demonstrating excellent grasping capabilities and
robust adaptability to environmental constraints.

II. DESIGN

Parallel robot hands employing vertical fingertip paths
exhibit significant advantages over diagonal paths in dual-
phalanx finger mechanisms[14]. To achieve vertical compli-
ance in our finger mechanism, we implement a Hoeckens
linkage for linear motion generation.

A. Fingertip Translation: Design of Offset Hoeckens Linkage
for Vertical Compliance

The kinematic model shown in Fig. 2 defines the geometric
parameters where [ represents the unit length with 45 =
l, lac = 1.5], and lgp = 6l. Rotation angles 6; and 6,
correspond to links AB and BD respectively. Additionally,
Fig. 2 demonstrates the mechanism’s linear motion during
the rotation of AB to AB'.

Fig. 2. Motion Analysis of the Hoeckens Linkage

—
The fundamental closure equation in vector form is [ 4p +
Ilpc = lac. Expressed in Cartesian coordinates with the
global frame fixed at point A in Fig. 2:

lapcosfi +lpcsinby = x¢ 0
lapsinfy, + lpc cosby = yo
Treating 0, as the independent variable, we derive 65 and

lBC:

yc — lapcosO;
ro — lapsinf,

2

0, = arctan

lBC:\/(xA7ZABC0891)2+(33B*ZABSinal)Q 3)

The coordinates of critical point D are determined by:

rp = xc + (Ipp — Ipc) * cos b
yp =yc + (Ipp — lpc) * sinfy

“)

Finally, we can consider that AD — f(61), which estab-
lishes a one-to-one correspondence between the coordinates
of point D and 6; through the kinematic chain.

The displacement of point D was simulated, as shown in
Fig. 3. The mechanism achieves near-linear vertical motion
between 6; = 68.51° and 156.56°, with a maximum de-
viation of 0.0164 units, meeting precision requirements for
robotic grasping.
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Fig. 3. Displacement characteristics of point D during linkage operation

B. Fingertip Orientation: Design of Parallelogram Linkage
and Four-bar Linkage
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Fig. 4. Mechanism evolution: (a) Basic Hoeckens linkage, (b)
Parallelogram-augmented design, (c¢) Four-bar integrated system, (d) Final
composite mechanism.

The parallelogram linkage forms a parallel contact inter-
face with the object, offering significant advantages in stable
pinch-grasping applications. However, the traditional Hoeck-
ens linkage mechanism is limited in pinching operations
due to its tip-point contact, which results in poor grasping
stability and insufficient force distribution (see Fig. 4(a)).

To address this limitation, we propose an improved
double-parallelogram system(see Fig. 4(b)). By adding an
auxiliary base AE at 150° to AB with l4p = l4p, and en-
suring C'C is parallel to AFE, we construct two parallelogram
linkages ACC’E and CC'D’D. This system maintains the
pure translational motion of the DD’ rod, ensuring vertical
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translation with a constant orientation. The distal phalange
DI is installed at the distal end of DD’ to achieve stable line-
contact pinching. The vertical stopper ()3 and return spring
ko ensure DI remains vertical in the non-driven state.

To enable passive switching between scooping and pinch-
ing postures, we integrate a four-bar trigger mechanism on
DG and AG rods (see Fig. 4(c)). This mechanism utilizes
the idle-stroke gap of stopper () for two-stage motion
control. Initially, DI remains vertical. When the pressing
displacement reaches Ah; (161mm < h < 180mm), Q2
contacts the trigger surface, initiating rotation around joint D.
As pressing continues, DI inclines outward by Af; = 35°
at Ahy (93mm < h < 161mm), transitioning from pinching
to scooping (see Fig. 5).

Pinching

Gradually
Pushed down

Scooping

Fig. 5. Posture transition sequence from pinching to scooping.

Fig. 4(d) presents the final design of Hockens-A Hand,
while Table I provides the detailed dimensional parameters
of the design.

TABLE I
DESIGN PARAMETERS: ROD LENGTHS, ANGLES, AND DISPLACEMENTS

Parameter lac lac lap lcp laB
Value 30mm | 125mm | 50mm | 180mm | 45mm

Parameter Q2 Q3 Ahy Aha A6y
Value 81.5° 60° 19mm 68mm 35°

C. 3D Mechanism Embodiment: Compositional Modeling
and Digital Prototype Realization

Through digital modeling, we refined the 3D details of the
Hockens-A hand, which consists of two symmetrical fingers.
Fig. 6 illustrates the full view of one of the bionic fingers.

The first phalange features a 40 x 110mm textured soft
membrane, such as silicone or belt. Its elastic deformation
enables adaptive grasping of large objects. In this paper, we
utilize a silicone sheet for its excellent elastic properties.
Alternatively, this phalange can also be constructed using
elastic structural components or a series of rigid segments
connected in tandem. This phalange can be adapted for
active extension or retraction through motor actuation[15].
Moreover, its unidirectional constraint design ensures that

such actuation does not compromise the desktop collision
functionality, ensuring system reliability.

connect block

rising block

finger base
parallel link 1
first phalange

expansion base (Soft Membrane)

push link 1 Hocckens link 2

push link 2

parallel link 3
parallel link 4

distal phalange

Fig. 6. Configuration of the Hockens-A Hand.

The Hoeckens linkage, comprising the input crank (Hoeck-
ens link 1) and output rocker (Hoeckens link 2), achieves an
approximate linear vertical trajectory of +0.49mm with the
end-chute constraint.

The Double Parallelogram Mechanism (light red) main-
tains a dynamic parallel relationship between parallel link
4 and the base which ensures the distal phalange remains
vertical in the default state and resets stably after movement.

The four-bar system (green) amplifies the rotation angle
of Hoeckens link 2 from 30.04° to 59.88° via push link 1-2,
driving the distal phalange to perform the outward push.

stopper Q1

Hoeckens link 2 torsion spring

|Hoeckens link 1

60 A

expansion base

push link 2
stopper Q2

parallel link 4

stopper Q3
tension spring k2

(a)

Fig. 7. Mechanical details of the Hockens-A Hand: (a) Stopper Q)2 and
elastic reset mechanism of parallel link 4; (b) Torsion spring k1 installation
on Hoeckens linkage.

As shown in Fig. 7(a), the triangular block, which is also
parallel link 4, integrates stopper Q3 and tension spring ko,
ensuring the distal phalange adheres to ()3 under normal
conditions. Push link 2 features stopper (Q2, enabling motion
stage separation via idle-stroke design.

In Fig. 7(b), torsion spring k; is installed on a 4mm steel
shaft with a pre-tightening angle of 40°, maintaining the
initial posture with the chute limit ;.
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ITII. ANALYSIS

A. Kinematic Modeling and Parameter Optimization of
Four-Bar Linkage

Precise control of excavation angles forms the core tech-
nical requirement for adaptive excavation operations, where
dynamic characteristics are significantly influenced by four-
bar linkage parameters. Through parametric kinematic mod-
eling, this study reveals the nonlinear mapping relationship
between link dimensions and angular variation amplitudes,
establishing theoretical foundations for mechanism optimiza-
tion.

Based on the fixed pivot A(0, 0) (topological structure
shown in Fig. 4) and using the link lengths of AG and
DG (Lag, Lpg) as design variables, the kinematic model is
constructed. By geometric resolution of intersecting circles,
we can obtain two circles centered at A and D respectively,
as follows:

X?4+Y?=1L% 5)
(X — D)2+ (Y — D,)? = L,

The analytical solution for intersection point G derives as:

L3 — L2 + &2
d= /D2 +D3a= =20 00T o\ 12— a2,
G _ (aDs*hD, oD, hD,
1,2 — d ) d )
(6)

where the solution with smaller y-coordinate is selected
per mechanical assembly requirements.
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Fig. 8.  Four-bar parameter optimization contours: (a) Global angular

distribution revealing parametric sensitivity and constraint boundaries; (b)
Local design window highlighting solution.

Two critical constraints govern the mechanism’s validity.
The first is “Motion continuity” ensured by the Grashof
criterion: |Lag — Lpg| < d < Lag + Lpg, and the second is
“Workspace limitation” to prevent mechanical interference:
G, > D, — 45. Parameter combinations violating either
constraint are deemed infeasible.

The push angle 6, defined as the orientation of the DG
link relative to the positive y-axis, is calculated as
2

™

The angular variation extremum, A6f,.x, represents the
maximum difference between the highest and lowest values
of 0 observed during the mechanism’s motion. Mechanisms
with Af.« > 180° often exhibit discontinuous motion due
to link crossover or dead-center positions.

Full parametric scanning (Lag € [30.0, 180.0jmm, Lpg €
[30.0,180.0Jmm, 1mm resolution) generates angular varia-
tion contours (Fig. 8). The optimal combination Lag =
125mm, Lpg = 50mm achieves A6, = 59.82° + 0.5°
with less than 1% experimental error.

Parametric sensitivity analysis reveals distinct gradient
behaviors: AG length demonstrates strong positive corre-
lation (r = 0.915) with 0.3174°/mm slope, where 30mm
increases yield 9.5° A6« growth, ideal for coarse ad-
justment; DG length below 60mm shows high negative
sensitivity (-0.62°/mm slope), enabling 6.2° Af,,., increase
per 10mm reduction for fine control.

0 = arctan2 (D, — G, D, — G,) x

B. Kinematic Analysis of Fingertip

Following the kinematic modeling and parameter opti-
mization of the four-bar linkage, we further investigate
the motion characteristics of the Hockens-A Hand. The
simulation, conducted using Python, ultimately depicts the
positional changes of the fingertip (see Fig. 9).
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Fig. 9. Trajectory of the fingertip: (a) XY coordinate changes showing the
original and actual paths; (b) Velocity components in the X and Y directions.

From Fig.9(a), point I's XY trajectory exhibits two stages.
Initially, both paths coincide for the first 16 mm due to the
idle distance in the push design. Beyond this, the original
path rises linearly to endpoint 1, while the pushed path,
influenced by ()2, shifts horizontally to 182 mm and lifts
vertically by 10 mm, reaching endpoint 2. In (b), the X-axis
velocity shows a sudden increase to 7.438 mm/s at 2.506 s,
marking the push-induced displacement in the X direction,
followed by a gradual decline. The Y-axis velocity increases
slightly during the push, then rises steadily until the end.
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In Fig.10, the complete motion trajectory of the distal
phalange is plotted, showing the process of the DI segment
moving upward and then extending outward. To quantify the
working range of the Hockens-A Hand, we use the Shoelace
Formula to calculate the area covered by the path:

n—1

D@1 = winys) + (@ays — 21yn)| )
i=1

1
Sarea =35
2

Through calculation, the area covered by the path is
determined to be 153.95 mm?2. This result indicates that the
55 mm distal phalange can cover a relatively large working
range with only vertical motion, fully demonstrating the
compactness and efficiency of the Hockens-A Hand.
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Fig. 10. Complete motion trajectory of the distal phalange.

C. Grasping Force Analysis

In the context of the established kinematic model, we
further extend our analysis to the force dynamics during
grasping operations. By synthesizing and applying the pre-
viously derived motion relationships, we employ the power
equation method to investigate the variation of grasping force
Fn during fingertip grasping.

The instantaneous power of the system can be expressed
as:

Ppress:Pk1+Pk2+PD1 (9)
where
dU,
Pkl = dtkl k‘l A91 W1
dU
Poy =2 = ks Ay v (10)

Ppr=Fy-vp+Fn-1-wsy

Based on Equation 1-4 from Chapter 2, where zﬁ =
f(61), we derive the motion simulation of point D in the
Hoeckens linkage, obtaining:vp = % = w1 f'(6h)

From the kinematic modeling of the four-bar linkage
and push angle in the previous section, we established the
nonlinear relationship 03 = g(6). Taking the time derivative
of both yields: wy = wyg’(61).

The calculation of z; incorporates the four-bar linkage
mechanism to determine the coordinates of the spring’s end

points, with x1 = h(6z), v, = Z—I = wih/(607).

Regarding Ppr, Fx-vp represents the power of the grasp-
ing force in the vertical direction, while F'x-r-w- denotes the
rotational power of the grasping force, collectively forming
the output power of the grasping mechanism.

Consequently, the instantaneous power equation can be
simplified and reformulated as:

da:1
klAgl — kQAiCl T (11)

Ppress
w1

= e T g0

(2

Fig. 11.  Analysis of ' under variations of pressing power Ppress, distance
r and rotation angle 61: (a) 61 = 80°; (b) 61 = 120°.

With the rotational velocity w; set to 10 degrees/s, the
resulting Fig. 11(a)(b) respectively illustrate the system con-
figurations at #; = 80° and 6; = 120°. While the shapes of
the two plots are nearly identical, the range of Fy values is
similar, but their starting points differ significantly. Specifi-
cally, the Fy values in the 120° plot are consistently larger
than those in the 80° plot. These results demonstrate that the
Fy is positively correlated with the P, 5. Additionally, the
pressure decreases as the position approaches the fingertip.

IV. EXPERIMENTS

To rigorously and scientifically verify the feasibility of the
design of Hockens-A Hand, we fabricated a 3D prototype.
The robotic hand was disassembled into individual parts,
printed using a Bamboo Lab Al or PIS printer with PLA
material. Actual measurements show that the robotic hand
achieves a linear grasping range of 0-122 mm and a vertical
lifting height of 87 mm.

In object-grasping tasks, for conventional objects,
Hockens-A Hand designed in this study, similar to common
robotic hands, can use the linear parallel-pinch method.
Stable gripping is achieved through line-contact between
the end-fingertips and the object.Fig. 12(a)(b) show parallel-
pinching of an ID card and an orange.

When handling thin sheets, the traditional parallel-pinch
method suffers from instability, high failure rates, and ran-
dom postures due to line-contact shifting to point-contact,
causing rotation or slippage. This study introduces an asym-
metric scooping strategy: one hand acts as a “Blocking” hand
to push the object, while the other serves as a “Scooping”
hand to lift and hold it. Fig. 12(c) demonstrates stable
grasping of a 0.5 mm polyethylene sheet.

When handling large irregular objects, parallel-pinching
often results in slippage and instability due to limited grip-
ping force and irregular shapes. To address this, the study
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introduces a method combining symmetric scooping and
silicone enveloping. The object is lifted from the bottom
and adaptively enveloped by flexible silicone, ensuring stable
grasping. Fig. 12(d) demonstrates this with a tea can.

Fig. 12. Experiments of Hoeckens-A Hand: (a) and (b) parallel-pinching
of an ID card and an orange; (c) asymmetric scooping of a 0.5mm-thick
polyethylene sheet; (d) symmetric scooping and stable enveloping of a
74x110x105-mm tea can.

Experimental results demonstrated that the asymmetric
scooping strategy boosted the success rate for grasping thin
sheets, like a 0.5 mm polyethylene sheet, to over 88%,
compared to the unstable traditional parallel-pinch method.
Similarly, the symmetric scooping and silicone enveloping
approach achieved a 90% success rate for large irregular
objects by adapting to their shapes and preventing slippage.

o Y

Fig. 13. Experiments of the enveloping ability of soft silicone.
The enveloping ability of the soft silicone was extensively
tested across a range of objects with varying sizes and
shapes. The results showed that the silicone could effec-
tively adapt to and securely grip objects within a diameter
range of 60 mm to 100 mm, achieving optimal enveloping
performance. Outside this range, while the silicone still
demonstrated some adaptability, the stability of the grasp
was slightly reduced. As illustrated in Fig. 13, the success-
ful enveloping of various objects visually demonstrates the
silicone’s effectiveness in improving grasping stability.

V. CONCLUSIONS

The Hockens-A Hand presented in this study introduces
four key innovations in underactuated robotic grasping.

First, its mechanical design employs passive intelligence to
adapt to environmental constraints, ensuring stable grasping
through intrinsic linkage interactions. Second, mesh-textured
silicone phalanges enable adaptive enveloping of diverse
objects, from thin sheets to irregular shapes, leveraging mate-
rial flexibility. Third, the system achieves multifunctionality
with a single linear actuator, reducing complexity and cost
while maintaining adaptability in unstructured environments.
Fourth, it combines three grasping modes: parallel pinching,
symmetric scooping, and asymmetric scooping, overcoming
limitations of traditional grippers. Experimental validation
with a 3D-printed prototype demonstrated robust and precise
grasping of objects ranging from 0.5-mm sheets to 105-mm
cans. These advancements provide a compact, cost-effective
solution for versatile manipulation in real-world applications.
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