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Abstract— This paper introduces Model Q-II, an enhanced
underactuated robotic hand designed to improve dexterous
manipulation through expanded grasping modes and manip-
ulation primitives. The Model Q-II incorporates tripod and
enhanced power grasping modes, achieving increased versatil-
ity without adding additional actuators. The design employs
passive mechanisms, such as lateral contact walls and a finger-
locking system, to facilitate seamless transitions between modes,
enabling precise pinch-to-tripod and pinch-to-power gating.
These enhancements allow the hand to perform complex in-
hand manipulations, including multi-directional object posi-
tioning. Theoretical analysis, simulations, and experimental
evaluations validate the hand’s performance, demonstrating
improved grasping force, range, and manipulation capabilities.
The results highlight Model Q-II’s ability to handle various
tasks, offering a robust, cost-effective solution for applications
requiring both precise and powerful grasping.

I. INTRODUCTION

Enhancing the grasping modes and manipulation primi-
tives of robotic hands is crucial for improving manipulation
dexterity. A wide spectrum of modes and primitives is the
main factor enabling the high dexterity of the human hand.
Each manipulation mode and primitive has its own advan-
tages and disadvantages, so implementing a range allows for
the selective use of the optimal method. Numerous studies
have analyzed human hand grasp taxonomies to guide robot
hand development [1], [2]. These taxonomies classify various
grasping modes based on object size and shape, finger po-
sitioning, and the specific requirements of power, precision,
or intermediate grasps. The representative modes are pinch
mode, power mode, and tripod mode. Pinch mode is ideal
for precise grasping, while power mode is advantageous for
increasing grasping force. The tripod mode is particularly
useful for grasping irregular objects and manipulating the
local position and orientation of gripped objects.

Many studies have expanded the grasping modes and
primitives of robotic hands [3]–[6]. In particular, the an-
thropomorphic hand group has improved dexterity by ac-
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Fig. 1. Design overview of Model Q-II hand. The top illustration shows
the Model Q-II hand, with four underactuated fingers and four actuators
mounted on a frame base. The bottom illustration details the actuation
mechanism: rotational fingers 1 and 2 are driven by a single wire actuator,
while the fixed and regulated fingers are controlled by individual actuators.
The rotation actuator controls the rotation of the rotational fingers through
Spur gears.

tively reflecting the taxonomy of the human hand. G. Gao
et al. proposed a robot hand that can switch the mode
between anthropomorphic and interdigitated configuration to
suit the task, achieving 5 grasping modes [7]. U. Kim et
al. introduced a linkage-based compact robot hand using a
total of 15 actuators [8]. This hand’s high dexterity enables
various modes and precise tool use by using fingertip sen-
sors. Although these studies have successfully achieved the
various modes and primitives, the high number of actuators
and degrees of freedom increase their cost and control
complexity.

Underactuated hands have been developed to utilize me-
chanical intelligence and enable robust grasping while reduc-
ing cost and controlling complexity [9]–[11]. Both intrinsic
hands, which passively adapt to object shapes, and extrinsic
hands, which partially adapt via external contacts, have been
proposed [12]. Underactuated hands using soft materials,
which can often grasp or manipulate a larger variety of
objects, have also been suggested [13]. Due to compactness
and easy control, these types of hands are widely used in in-



dustrial applications. However, because underactuated hands
rely on few actuators, they are limited in their dexterous
manipulation capabilities.

To overcome low dexterity, researchers have developed
underactuated hands with multiple modes. D. Chappel et
al. introduced a hand that can change the grasping mode
by reconfiguring the base position of the finger, resulting in
pinch, partial power, and quadpod modes [14]. Partial power
mode refers to a mode in which two fingers are located
on the same plane so that it fails to grasp relatively small
objects due to collision between the fingertips. Likewise, a
new hand developed for the ANA Avatar XPRIZE Challenge
shows that adding compliant elements for everyday tasks
can simplify the design [15]. In [16], the SARAH hand
achieved pinch, power, and tripod modes by rotating the
angle of the finger base, but it focused only on grasping and
did not address improving dexterity through manipulation
primitives. Ma et al. proposed the hand Model Q, which
greatly improved the modes and primitives of underactuated
hands [17]. The Model Q has a fixed set of fingers and a
rotating set of fingers. Through this configuration, pinch,
partial power, and quadpod modes were achieved, and three
further primitives were implemented: pinch-to-power gating,
continuous in-hand twisting, and finger pivoting. A.S. Mor-
gan et al. showed that Model Q successfully enabled complex
in-hand manipulation [18]. However, Model Q still has the
disadvantage of not being able to use tripod mode and power
grasping mode.

In this study, our goal is to enhance the grasping modes
and manipulation primitives based on Model Q, aiming to
achieve higher dexterity in robotic hands. Here, we propose
Model Q-II that is not only equipped with the modes and ma-
nipulation primitives of Model Q, but also achieves enhanced
power mode and tripod mode simultaneously. Furthermore,
Model Q-II has additional manipulation primitives, including
pinch to tripod, pinch to power, and tripod manipulation.
These enhancements are acquired without additional actua-
tors. In power-grasp mode, Model Q-II reduces the minimum
graspable diameter from 94.1 mm to 50.8 mm, demon-
strating a 46% improvement and significantly increased the
maximum grasping force. In addition, the workspace of in-
hand manipulation of tripod mode, which Model Q cannot
implement, is analyzed by a preliminary experiment.

This paper is structured as follows. Section II explains
the mechanism design of Model Q-II. The manipulation
capabilities are presented in Section III. In Section IV, the
theoretical force analysis model and its results are addressed.
Experimental validation of the additional grasping modes is
explained in Section V.

II. HAND MECHANISM DESIGN

A. Design overview

The Model Q-II expands upon the design of the Model
Q hand, which performs pinch, partial power, and quadpod
grasping modes. By inheriting these core functionalities and
incorporating additional grasping modes—tripod grasping

and an enhanced power grasping mode—the Model Q-II sig-
nificantly elevates its versatility and adaptability in complex
manipulation tasks. To understand the overall structure of
Model Q-II, a comprehensive view of the hand is shown in
Fig. 1.

The Model Q-II consists of a top frame, a bottom frame,
four actuators, and four underactuated fingers. The actuators
are positioned between the bottom frame and the top frame,
driving the fingers via pulley systems. The four fingers are
classified into the stationary and rotational finger sets. The
stationary set includes a fixed finger and a regulated finger
and the rotational set includes rotational fingers 1 and 2. The
fixed finger is anchored to the top frame, providing a stable
reference point that supports the other fingers during grasping
operations. The regulated finger, which can be moved within
a regulation slot, is key to determining the grasping mode.
The passive movement of the regulated finger is triggered
when it is contacted by the rotational finger 2 through its
respective finger base, causing the regulated finger to rotate
within the slot. A compression spring, as shown in Fig. 2(a),
is installed in the regulation slot allows the finger to return to
its original position once the contact is removed. The fixed
and regulated fingers are driven by their own wire actuators,
enabling precise control of their positioning. The rotational
fingers 1 and 2 are mounted on a moving base, allowing them
to move freely within the rotation slot. The rotation actuator
rotates the moving base frame through the spur gears 1 and
2. Unlike the stationary finger set, the rotational fingers are
driven by one shared wire actuator. Additionally, once the
actuator cable is relaxed, the elasticity of the flexure joints
restores the finger to its open configuration.

B. Tripod grasping mode

Fig. 2(a) illustrates the tripod mode mechanism of Model
Q-II. In tripod mode, the rotational finger set can occupy one
of two key positions: state 1 and state 2.

State 1 is the default alignment, where the wire stopper is
not blocked by any wall, and both rotational fingers (1 and 2)
move freely with the actuator’s pull. State 2 is triggered when
the rotational base rotates counterclockwise and brings the
wire stopper into contact with the stop wall. In this position,
the motion of rotational finger 2 is locked out, allowing
independent actuation of rotational finger 1.

When the rotational finger set is in state 1, the shared
wire for rotational fingers 1 and 2 is pulled without ob-
struction. Moving the finger set into state 2 activates the
wire stopping mechanism; the wire stopper meets the stop
wall, preventing rotational finger 2 from closing further
while finger 1 remains actively driven through the floating
pulley. Meanwhile, rotational finger 1 pushes the base of the
regulated finger, shifting it out of the plane of the fixed finger
so that these three fingers (fixed, regulated, and rotational
finger 1) form a stable tripod around the object. This extra
contact point allows additional degrees of freedom for in-
plane and out-of-plane manipulations, distinguishing tripod
mode from simpler pinch or quadpod grasping mode.



Fig. 2. Configuration and operating concepts of Model Q-II hand. (a) The tripod grasping mode forms a triangular grip with three fingers. Rotational
finger 1 pushes the regulated finger from state 1 to 2 through the contact block, moving the wire stopper into the stop wall. This allows the actuator to
control rotational finger 1 independently. (b) The power grasping mode interdigitates the rotational and fixed fingers. The locking-releasing mechanism
locks the regulated finger when pushed by the rotational finger 1. The lateral contact wall mechanism adjusts the orientation of the rotational and regulated
fingers to enable interdigitation.

C. Power grasping mode

Power grasping mode is achieved through a lateral contact
wall mechanism and a regulated finger locking releasing
mechanism as shown in Fig. 2(b). Since the joints of each
finger are composed of flexure joints, the fingers can be
tilted when lateral force is applied to the side surface of
the fingers. When the fingers are tilted, the gripping motion
does not occur in the same plane, allowing interdigitation
between the fingertips, which enables enhanced power grip-
ping. First, rotational finger 1 moves counterclockwise and
strongly presses the regulated finger through the finger base
element. The moved regulated finger tilts due to contact
with the upper lateral wall fixed to the top frame. Next,
the rotational finger set rotates clockwise. This clockwise
rotation makes rotational finger 2 contact the upper lateral
wall and rotational finger 1 contact the lower lateral wall,
resulting in the tilt of both fingers. As a result, these three
fingers form a configuration that enables power grasping
mode.

Since a compression spring is installed in the regulation
slot, when the contact between rotational finger 1 and the
regulated finger disappears, the regulated finger must be

restored to its original position. To prevent this, Model Q-
II is equipped with a finger-locking-releasing mechanism.
The U-shaped pin engages the pin slot when the regulated
finger is pressed, preventing spring-driven restoration. The
lateral walls guide the pin in place. Once the rotational finger
repositions, the pin is released, allowing the regulated finger
to return to its original position.

By strategically controlling finger positions, the power
grasping mode enables the Model Q-II to achieve a robust
and stable grasp configuration suited for high-force tasks.

D. Fabrication and assembly

The Model Q-II was fabricated based on detailed design
specifications derived from simulations. Structural compo-
nents—including the base and fingers—were printed using
polylactic acid (PLA) filament for its ease of printing and
sufficient strength for prototyping. To achieve the necessary
compliance in the joints, flexure joints were created using
PMC-780, a polyurethane rubber molded directly onto the
3D-printed finger structures. Finger pads were cast using
Dragon Skin 30 silicone rubber to enhance grip and prevent
slippage during object manipulation. The final assembly



involved integrating the fabricated fingers with the actua-
tion system, consisting of four Dynamixel XM430-W210-R
servomotors mounted between the top frame and the bottom
frame. A tendon-driven mechanism was implemented using
high-strength, low-stretch cables routed through pulleys and
guides within the fingers and base.

III. ENHANCED MANIPULATION CAPABILITIES

A. Grasping modes

The grasping modes of Model Q-II, inherited from Model
Q, are pinch mode using two fingers and quadpod mode,
as shown in Figure 3(a) and (b), respectively. The objects
used in the grasping experiments cover a weight range of
approximately 50 g to 400 g and a size range of 4 cm to
20 cm in their longest dimension. Although Model Q is
also capable of a power grasping mode, due to physical
interference between the fingertips, it can only be used
to grasp relatively large objects. Figure 3(c) illustrates the
enhanced power grasping mode of Model Q-II. This mode
allows power grasping of smaller objects. Finally, the tripod
mode of Model Q-II is represented in Figure 3(d). This
proposed robotic hand can grasp irregularly shaped objects
through tripod mode.

B. Manipulation primitives

Model Q-II basically achieves manipulation primitives
inherited from Model Q, which consists of pinch-to-partial
power, in-hand twisting, and finger-pivoting manipulation. In
pinch-to-partial power primitive, the object initially grasped
in pinch mode is moved toward the palm by continuous
caging motion to improve grasping stability. As shown in
Fig. 4(a), the finger pivoting manipulation is used to rotate
an object, with one set of fingers holding it while another
set of fingers rotating it. This rotation is generated around a
virtual axis formed by the two fingers holding the object. In-
hand twisting manipulation is a mode that allows the hand to
continuously rotate the object by the rotation function of the
rotational finger base and repetitive changes in the grasping
finger set, as shown in Fig. 4(b). These two manipulation
primitives are essential for changing the orientation of the
gripped object.

Additional achieved manipulation primitives are pinch-
to-tripod, pinch-to-enhanced power and tripod in-hand ma-
nipulation. In pinch-to-tripod manipulation, the fixed and
regulated fingers are initially used to grip an object, as shown
in Fig. 4(c). To switch to tripod mode, the rotational finger
base rotates to push the regulated finger base to form a tripod
configuration. Then, a rotational finger is quickly moved
to contact with the gripped object. This primitive, which
connects the two grasping modes, is crucial for enabling the
continuous execution of complex manipulation tasks. Fig.
4(d) illustrates the pinch-to-enhanced power manipulation
primitive. Initially, the hand uses the two rotational fingers
to perform a precise pinch grasp. To transition to the power
grasping phase, the rotational finger base is rotated to posi-
tion the gripped object properly. Next, the gripped object is
gently released from the pinch grasp in the air. The object

Fig. 3. Grasping experiments of the Model Q-II hand with objects of
various shapes and sizes. (a) Pinch grasping mode. (b) Quadpod grasping
mode. (c) Power grasping mode. (d) Tripod grasping mode.

settles into the palm area, and then the fixed and regulated
fingers envelop the object securely. This process allows
Model Q-II to start with precision handling and seamlessly
shift to a strong, stable grip. Tripod in-hand manipulation is
performed by controlling the fixed finger, the regulated finger
and the rotational finger 1. This primitive is useful when
delicate position and orientation manipulation of a gripped
object is required, as illustrated in Section V.

IV. FORCE ANALYSIS

A. Statics analysis of Model Q-II finger

The Model Q-II enhances gripping performance and flexi-
bility through a structure comprising a finger base, proximal
joint, proximal phalanx, distal joint, and distal phalanx. To
evaluate the stability and grasping capabilities, we developed
a mathematical model capturing key mechanical properties.
The positioning of the finger segments follows:

ri+1 = ri + li+1 · ni+1 (1)

where ri is the position vector of the i-th key point, li+1 is
the length of the segment, and ni+1 is the directional unit
vector. This relation reflects the sequential arrangement of the
finger from base to tip, providing the kinematic foundation.

The equilibrium between the torque input, joint stiffness
of proximal and distal joints (k1, k2), related joint angle, and
the contact force at the distal joint is expressed as:

F · lF = M (τinput, ri)−
∑2

m=1
kmθm (2)

In this equation, τinput denotes the actuator torque, km rep-
resents the stiffness of the m-th joint, and θm is the bending
angle. This relation links the actuator torque to the resulting



Fig. 4. Manipulation of the Model Q-II hand with distinct grasping modes
and mode combinations: (a) Finger-pivoting primitive, (b) In-hand twisting
primitive, (c) Pinch-to-tripod primitive, (d) Pinch-to-enhanced power prim-
itive.

forces within the hand by accounting for both the geometry
and the elastic properties of the flexure joints, providing
insights into how the applied torque translates into gripping
forces.

The bending angles of the proximal and distal joints, 1 and
2, are obtained through numerical methods. The relationship
governing these angles is represented by:

θ1,j+1, θ2,j+1 = f (τinput, ri (θ1,j+1, θ2,j+1) , . . .)

(j = 1, 2, . . .)
(3)

This equation describes how the angles evolve based on
input torques and current joint positions, requiring iterative
numerical methods for precise calculation.

B. Contact force simulation of Model Q-II finger

Fig. 5 presents the simulation results of the contact forces
at the distal phalanx with the rotation edge when the in-
put torque is 0.4 N·m. The red line in Fig. 5 represents
the workspace boundary of the proximal and distal joints.
This boundary was determined by numerically solving the
Equation (3) relating the bending angles with the applied
actuator torque and the stiffness of the flexure joints.

Common household objects, like a 200 g soda can, typ-
ically require 5–10 N of normal force to prevent slipping.

Fig. 5. (a) Tripod manipulation with trajectory tracking at the object’s
center; red points show forward and backward manipulation, while the
blue line indicates lateral manipulation. (b) Grasping range validation
for quadpod two-finger power grasp (minimum diameter: 94.1 mm) and
interdigitated power grasp (minimum diameter: 54.8 mm). (c) Experiment
setup for maximum force measurement. (d) Maximum grasping force at
varying input torques across different grasping modes.

Based on this, our analysis assumes a 10 N clamping force
per side for stability. Analysis of Fig. 5(a) and (b) shows that
the contact force in the X direction is positive in 86.48% of
grasping scenarios, with forces exceeding 10 N in 61.70% of
cases, contributing to a stable grasp. The Z direction force
is negative in 80.03% of the workspace, crucial for object
retention, and the Y direction force is negative in 80.03%
of cases, with values below -10 N in 53.92%, enhancing
downward stability. The optimal region for pinch grasps
(pinch, quadpod, tripod) occurs where Fx > 10 N and
Fz < 0, representing 44.23% of the workspace. For power
grasps, characterized by stronger engagement, the effective
region is where Fz < 10, covering 53.92% of the workspace.
These findings highlight the Model Q-II finger’s adaptability,
effectively utilizing flexure joints to perform both precision
and power grasps.

Overall, the simulation confirms the significant flexibility
and grasping capabilities of the Model Q-II finger, demon-
strating that controlled input torque enhances stability and
efficiency across various grasping scenarios.

V. EXPERIMENTAL EVALUATION

A. Tripod manipulation

In tripod mode, the Model Q-II significantly expands its
manipulation capabilities beyond what is achievable with
the Model Q hand. While Model Q allows manipulation
primarily along the grasping direction, similar to pinch
manipulation, Model Q-II goes further. It enables in-plane
manipulation along the finger grasping direction and also
facilitates out-of-plane manipulation, including lateral ad-
justments that are impossible with the Model Q. The ex-
perimental results from Fig. 6(a) show that the range for
forward manipulation is 60.18 mm, while the range for lateral



Fig. 6. Simulation results of contact forces at the distal phalanx relative to
joint angles at the proximal (θ1) and distal (θ2) joints in the (a) X direction
and (b) Z direction. The range above the red line in the figure is the grasping
workspace of the Model Q-II hand.

manipulation is 26.96 mm, highlighting the enhanced spatial
flexibility of the Model Q-II.

B. Power grasping range identification

In partial power grasping mode, which is the same as that
of Model Q, the minimum diameter for grasping is 94.1 mm.
However, Model Q-II significantly reduces this minimum
diameter to 50.8 mm, achieving a reduction of approximately
46% by the enhanced power grasping mode, as shown in Fig.
6(b). The limitation in power grasping mode arises when
the distal phalanges of the opposing pinch fingers come
into contact with each other, preventing further closure and
restricting the grasp size. In contrast, Model Q-II overcomes
this issue through interdigitation, allowing the fingers to pass
between each other, thus enabling a tighter grasp.

C. Grasping force measurement

Figures 6(c) and 6(d) show the experimental setup and
results for maximum grasping force across different modes.
The experiment assessed the performance of the Q-II model
hand in four grasping modes. For pinch, tripod and quadpod
modes, the hand grasped a cylindrical object of 6.25 cm
diameter, 3.8 cm height under varying input torques. A
force gauge applied a vertical pull to measure the maximum
force maintaining a stable grasp, with tests repeated five
times. For power grasping mode, the force gauge applied
a lateral force to assess grasp robustness, keeping all other

setup conditions constant. The results show that in the tripod
mode, the stabilizing force distribution lies between those
of the pinch and power modes. This demonstrates that
tripod mode offers a balanced grasping force, combining
elements of precision and stability. For power grasping, an
object with a 72 mm diameter—below the minimum size
for partial power grasping—was used. The proposed hand
utilized interdigitation to grasp the object, and force was
applied laterally to the hand with varying torque inputs. The
force distribution in the enhanced power mode was found to
be higher than that of the partial power mode.

These findings indicate that Model Q-II expands the
graspable range in tripod mode and enhances grasping force,
especially in enhanced power mode. The ability to interdigi-
tate allows the hand to handle smaller objects with increased
stability and force, demonstrating its superior performance
compared to traditional hand configurations.

VI. CONCLUSION

This paper presented the design, analysis, implementation,
and experimental evaluation of Model Q-II, an enhanced
underactuated robotic hand with multifunctional capabilities
for advanced manipulation. Building upon the Model Q
design, the Model Q-II incorporates additional grasping
modes—tripod and enhanced power grasping—greatly in-
creasing its versatility in complex tasks. The hand design
features passive mechanisms for seamless mode transitions,
allowing the hand to dynamically adapt its grasp during
operation, such as shifting from pinch to power grasping.
This is achieved through mechanisms like the lateral contact
wall and finger-locking-releasing system, enabling smooth
transitions without additional actuators.

Static analysis and simulations characterized the hand’s
mechanical properties, providing detailed insights into its
workspace, grasping forces, and rotational performance. Ex-
perimental evaluations validated its performance across all
four basic grasping modes: pinch, quadpod, tripod, and
power grasping. Compared to the Model Q, the Model
Q-II demonstrated significant improvements. Notably, in
power grasping mode, the Model Q-II reduced the minimum
graspable object diameter by approximately 46%, allowing
it to securely grip smaller objects that were previously
unattainable. Additionally, in tripod mode, the Model Q-II
enabled manipulation of a gripped object in the grasping
direction and laterally, offering enhanced versatility. Specif-
ically, the hand achieved a manipulation range of 60.18 mm
in the forward direction and 26.96 mm laterally—capabilities
that the Model Q could not provide. These enhancements
highlight the superior performance of the Model Q-II over its
predecessor, expanding its manipulation capabilities and ap-
plicability in more complex tasks. Future work will optimize
design and control strategies, explore advanced materials,
integrate tactile sensors, and conduct extensive real-world
testing to further enhance versatility. The design files and
documentation for Model Q-II will be open-sourced through
the Yale OpenHand project [19].
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