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Abstract— Electric prosthetic hands should be lightweight to
decrease the burden on the user, shaped like human hands
for cosmetic purposes, and designed with motors enclosed
inside to protect them from damage and dirt. Additionally,
in-hand manipulation is necessary to perform daily activities
such as transitioning between different postures, particularly
through rotational movements, such as reorienting a pen into
a writing posture after picking it up from a desk. We previ-
ously developed PLEXUS hand (Precision-Lateral dEXteroUS
manipulation hand), a lightweight (311 g) prosthetic hand
driven by four motors. This prosthetic performed reorientation
between precision and lateral grasps with various objects.
However, its controller required predefined object widths and
was limited to handling lightweight objects (of weight up to
34 g). This study addresses these limitations by employing
motor current feedback. Combined with the hand’s previously
optimized single-axis thumb, this approach achieves more stable
manipulation by estimating the object’s width and adjusting the
index finger position to maintain stable object holding during
the reorientation. Experimental validation using primitive ob-
jects of various widths (5-30 mm) and shapes (cylinders and
prisms) resulted in a 100% success rate with lightweight objects
and maintained a high success rate (=80%) even with heavy
aluminum prisms (of weight up to 289 g). By contrast, the
performance without index finger coordination dropped to just
40% on the heaviest 289 g prism. The hand also successfully
executed several daily tasks, including closing bottle caps and
orienting a pen for writing.

I. INTRODUCTION

Electric prosthetic hands restore functionality in individu-
als who have lost their hands owing to congenital anomalies
or acquired causes. For user acceptance and practical daily
use, key design considerations of these prosthetic hands
include the following: a human-like, five-fingered appearance
for cosmetic reasons [1], lightweight design (ideally less
than 500 g [2]) to reduce the physical burden on the user,
internal motors for dirt and damage protection [3], and the
ability to support diverse activities of daily living (ADL) [4].
ADLs include fundamental self-care and household tasks in-
volving grasping and in-hand manipulation. One particularly
critical capability, which we term “precision—lateral (PL)
manipulation,” is the ability to switch between precision and
lateral grasps smoothly without re-grasping (see Fig. 1). This
function is crucial for prosthetic users, particularly for those
with bilateral limb losses or an occupied unaffected hand,
enabling single-handed task completion (e.g., closing a bottle
cap and reorienting a pen for writing). Practical application
demands stable manipulation of objects varying in shape and
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Fig. 1. PL and LP in-hand manipulation. To effectively support the thumb’s
force, the index finger shifts its position using motor current feedback, as
illustrated by the change from the red (without (w/0) the use of the index)
to the yellow (with (w/) the use of the index) line in the red insets. This
enables both stable object manipulation and a firm grip for tool use (w/
index), whereas a lack of coordination leads to grip failure (w/o index).

weight, and a final grasp sufficiently firm to resist external
forces, such as during writing (as illustrated in Fig. 1).

Despite recent advancements, lightweight five-finger pros-
thetic hands (e.g., the bebionic hand [5]: 14 grip patterns
and 495-529 g, and the i-Limb [6]: 36 grip patterns and
454-628 g) still primarily provide only static grasping. In
contrast, in-hand manipulation typically relies on dexterous
hands with many degrees of freedom (DOFs), such as the
Shadow Dexterous Hand (20 motors) [7], TWENDY-ONE
hand (13 motors) [8], and the Allegro Hand (16 motors) [9].
In these hands, a high-DOF mechanism and dense sen-
sory information form the basis for dexterous manipulation
control. However, this hardware-intensive approach results
in substantial weight (>1500 g) and complexity, rendering
it impractical for the lightweight, self-contained design re-
quired by prosthetics. Consequently, a technology that can
achieve dexterous in-hand manipulation while satisfying the
demanding constraints of electric prostheses has not yet been
established.

To address this challenge, we previously developed a



lightweight prosthetic hand that enables stable PL in-hand
manipulation. Our proposed PLEXUS hand (Precision—
Lateral dEXteroUS manipulation hand) [10] is a 311 g four-
motor prosthetic hand featuring a single-axis thumb that
rotates around a carpometacarpal (CM) joint. We compu-
tationally optimized the position of the CM joint so that
the PLEXUS hand could perform PL manipulation of var-
ious objects. However, in a previous study [10], we were
required to input a predefined object width for the open-
loop controller. Additionally, the study dealt with relatively
lightweight objects (up to 34.34 g).

This study addressed the aforementioned issue by employ-
ing motor current feedback, which works in conjunction with
the hand’s previously optimized single-axis thumb for more
stable and practical PL. manipulation. Because each finger
is actuated by a single motor, the motor current provides
a clear indication of the contact state, enabling threshold-
based detection without the need for additional sensors. Our
current feedback has two roles. First, it is used for object
width estimation during the precision grasp; second, based
on the estimated width, it strategically coordinates the index
finger to apply a sufficient force, a method inspired by human
hand mechanics used for applying torques [11]. This feature
enables the stable PL manipulation of heavy objects without
the manual inputs of the object width, addressing limitations
of previous methods [10].

We validated the performance and force application ca-
pabilities of this hand via PL manipulation evaluations that
included heavy items. The hand achieved a 100% success
rate with lightweight objects (cylinders and prisms, 5-30
mm) and maintained a high success rate (=80%) even with
heavy aluminum prisms (up to 289 g). Furthermore, we
demonstrated the practical utility of the hand in several ADL
tasks, including closing bottle caps and orienting a pen for
writing, highlighting its potential for daily use.

The main contributions of this study are as follows: first,
an estimation method for object widths is introduced using
only motor current feedback. The feedback is based on a
simplified mechanism for PL in-hand manipulation (which
eliminates the need for manual input required by previous
open-loop systems). Second, an index finger coordination
strategy is proposed based on a human-inspired approach
that uses this estimated width to adapt the grasp and apply
sufficient force, enabling the stable manipulation of heavy
objects.

II. INTRODUCTION OF PLEXUS HAND

The core design objective of the PLEXUS hand is to
enable both fundamental grasping [12], [13] and PL ma-
nipulation based on a minimal number of actuators using
an optimized single-axis thumb. The design of the four
fingers (index, middle, ring, and little fingers), including their
basic configuration and actuation mechanisms (e.g., four-
bar linkages), was based on approaches detailed in previous
studies, such as that of Wang et al. [14], and these finger
configurations and actuation mechanisms were considered as
fixed parameters in our study. Additional details regarding
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Fig. 2. Actuation mechanisms for the thumb, ring, and little fingers [10].
In the case of the thumb, rotation is driven by a linear actuator operated
based on a piston—crank mechanism. For the ring and little fingers, a single
actuator drives both digits via a differential Y-shaped linkage.

the optimization and the overall mechanical design of the
PLEXUS hand, including the finger mechanisms, can be
found in our previous publication [10]. This section intro-
duces the PLEXUS hand and its open-loop control method.

A. PLEXUS Hand

We engineered and fabricated a PLEXUS hand prototype
based on the optimization process described in our previous
publication [10]. This hardware implementation embodies
the optimal thumb-axis position determined by the proposed
algorithms. As demonstrated in our previous study [10], the
PLEXUS hand is capable of performing five basic grasp pos-
tures essential for ADLs in addition to the PL. manipulation
capability, which is the focus of the current study (shown in
Fig. 1).

The PLEXUS hand employs distinct actuation mecha-
nisms for different digit groups, all of which are driven
by linear actuators (LAS16-023D and LAS10-023D, Beijing
Inspire Robots Technology, Beijing, China) for a simplified
system integration. The specific designs of these mecha-
nisms, including the piston—crank mechanism for the thumb,
the four-bar linkage of the index and middle fingers, and the
differential mechanism for the ring and little fingers (Fig. 2),
are described in our previous study [10].

B. Open-loop Control Based on a Predefined Object Width

In our preliminary work [10], the PLEXUS hand was op-
erated by an open-loop controller that relied on a predefined
object width w. The manipulation sequence was as follows:

1) The object width w is input to the controller before
initiating the grasp.

2) When the user commands an initial precision grasp, the
controller drives the thumb and index finger. The thumb
stops at a predefined angle O p directly below the index
finger.

The index finger stops at a target angle 6., determined
by a precalibrated mapping function f’ : w ~— 6.
This mapping f’ is derived beforehand based on the
optimization algorithm described in [10].

The controller then uses the input width w and a second
predefined mapping ¢’ : w — 611, (also based on the
optimization algorithm) to determine the target joint

3)

4)



angle f7, for the thumb in the target lateral grasp
posture.

This open-loop approach, which lacks feedback on contact
or force states, struggled to apply appropriate force to prevent
object ejection and to coordinate the fingers to optimal posi-
tions for a stable hold. Consequently, the hand’s manipulation
capabilities were limited.

III. PL MANIPULATION USING MOTOR CURRENT
FEEDBACK

When using the PLEXUS hand developed in this study
as a myoelectric prosthesis, the user is assumed to control
the hand via surface electromyogram (EMG) sensors. One
plausible control method is an EMG pattern recognition
system [15] in which the user learns to generate specific
muscle contraction patterns corresponding to several target
grasp postures (e.g., rest, precision grasp, lateral grasp, and
power grasp), and selects the desired posture by intentionally
producing the learned pattern. However, as suggested in [15],
the number of patterns a user can reliably discriminate and
control in practical situations is limited and is reported to be
approximately four.

Even if the user can select a target grasp posture, directly
controlling the complex coordinated finger movements re-
quired for the transition from one posture to another while
holding an object (i.e., in-hand manipulation) in real-time
via EMG signals alone is extremely difficult.

The system implemented in this study controls the transi-
tion process between the grasp postures. Its implementation
and the relative simplicity of its control logic, which avoids
relying on sophisticated sensor systems (e.g., dense tactile
arrays and vision) or machine-learning algorithms often used
for controlling dexterous manipulation [7], [8], [16], [17],
are characteristic features. This is made possible because
the core hardware design of the hand—the optimized single-
axis thumb—simplifies the control problem by mechanically
generating the entire motion path required for PL. manipu-
lation. To complement this mechanical design, the control
logic incorporates a strategic, human-inspired coordination
of the index finger [11] that provides the stability needed to
manipulate heavy objects. This current-based control system
was developed to overcome the limitations of our preliminary
work [10], which relied on an open-loop scheme and could
not provide sufficient force for manipulating heavy objects.

This autonomous transition system is activated when the
user issues a high-level command, such as selecting the
EMG pattern corresponding to the intent to transition from a
precision grasp to a lateral grasp. The system then executes
the following control flow using only the motor-current
monitoring function (which is commonly available on the
actuators) as the sensory input. The control flow primarily
comprises two stages: an initial grasp based on an estimation
of the object width, and subsequent width-adaptive finger
coordination (see the schematic in Fig. 3). To clarify the
variables used in this control system, we adopt a unified
subscript notation. Subscripts, written in Roman type (e.g.,
O.p), denote the relevant finger and the context. The primary
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Fig. 3. Schematic of the control system for the PL manipulation of the
PLEXUS Hand. The flowchart illustrates the logic for estimating the object
width using the index finger motor current and subsequently coordinating
the thumb and index finger movements to facilitate object reorientation.

symbols are defined as: T (Thumb), I (Index finger), P
(Precision grasp), L (Lateral grasp), c (contact), and th
(threshold). Thus, 61 p denotes the Thumb’s angle for the
Precision grasp, and Ij, denotes the current threshold for
the Index finger.

A. Stage 1: Initial Grasp and Object Width Estimation

1) When the user commands an initial precision grasp,
the controller drives the thumb and index finger in the
closing direction. The thumb stops at a predefined angle
O, p directly below the index finger.

As the fingers contact the object and motor load in-
creases, the motor current (I;) of the index finger
increases abruptly due to the low backdrivability of the
actuators used in this hand.

The controller monitors I; and detects contact when it
exceeds a predefined threshold (I1¢, = 300 mA).

4) Upon contact detection, the controller stops the driving

2)

3)



motor of the index finger and records the corresponding
joint angle 61 .. Notably, a low actuator backdrivability
indicates that current spikes are useful only for detecting
the initial object contact (not for monitoring the static
hold), as the mechanism maintains the position without
a sustained high current.

5) An estimated object width w is determined from the
recorded angle using a precalibrated mapping function
f 1 01 — . This function f maps the direct kinematic
relationship between the index finger’s contact angle
(01,c) and the object width (w), which is geometrically
defined when the thumb is positioned at its pre-grasp
position Ot p. In practice, this mapping is implemented
as a discrete lookup table, interpolating between pre-
calibrated angle-to-width values, corrected for offsets
measured on the actual hardware.

B. Stage 2: Width-adaptive Finger Coordination

This stage implements a human-inspired coordination
strategy [11]. The index finger is actively positioned to create
a stable pivot, which is critical for the manipulation of heavy
objects. The control sequence is as follows:

1) When the user commands the transition to the next
target posture (i.e., lateral grasp), the autonomous ma-
nipulation sequence begins.

2) The controller uses the estimated width @ and a pre-
defined mapping g : w + Oty to determine the
target joint angle frtj for the thumb in the target
lateral grasp posture. This mapping g is derived from
the optimization process in [10], which pre-calculates
the optimal angle Ot 1, that satisfies the lateral grasp
stability constraints (as described in [10]) for a given
object width w. As with f, this function is implemented
as a lookup table storing the pre-computed angles for
discrete object widths (e.g., at 5 mm width intervals).

3) The controller first drives the thumb from its current
position to the calculated target angle 61 1.

4) Inspired by human strategies [11], the controller drives
the index finger to the stationary target angle 61 1, fixed,
which is determined by empirically refining a theoreti-
cally optimal posture. The optimization process in [10]
first provided this theoretical ideal for a firm grasp,
which corresponds to the intersection of the thumb line
of action and the index-finger center. We then fine-tuned
this posture via experimental trials to identify the final,
robust angle used for the manipulation tasks.

5) After the index finger reaches its target position, the
controller drives the thumb again to grasp the object
firmly against the index finger. During this final grasp
closure, the thumb motor current is monitored, and
the drive stops when it exceeds a predefined grasping
threshold (I, = 400 mA), corresponding to the de-
sired holding force.

The transition from a lateral to a precision grasp follows an
analogous procedure, but with reversed finger roles. Notably,
the final current-based grasping closure (step 5) is omitted
for lateral-precision (LP) manipulation to prevent potential

object ejection, given the kinematics of the precision grasp
posture, where excessive force could misalign the fingertips.

IV. EXPERIMENTS

We conducted two experiments to evaluate the perfor-
mance and practical applicability of the PLEXUS hand
equipped with the proposed current-based control system,
as described in Section III. These tasks were required to be
executed autonomously by the hand’s controller in response
to a high-level user command.

Experiment 1 aimed to assess quantitatively two key
advancements in the PL manipulation capabilities of the
PLEXUS hand. The first objective was to evaluate the perfor-
mance of the system in adapting to objects of varying widths
without the manually preset width information required in
our previous study. The hand was required to reorient objects
with flat or curved surfaces up to 30 mm in width while
maintaining a stable hold without dropping, a target selected
to exceed the median width of objects typically handled in
precision grasps during daily activities [18]. The second ob-
jective was to determine whether a relatively simple control
strategy, namely the coordination of the index finger based
on this width estimation, could overcome the grasp stability
and forceful manipulation limitations previously encountered
with a stationary index finger. The hand was required to
manipulate objects weighing up to 150 g, a target selected
to exceed the median weight of objects handled in precision
grasps in daily life [18].

Experiment 2 demonstrated the utility of the hand in
several representative daily tasks that require object reorien-
tation. Specifically, the experiment was designed to confirm
two points: whether the index finger coordination strategy
is effective in daily tasks, and whether these tasks can be
successfully performed with a high-level user command,
such as activating a switch for a lateral grasp.

A. Experiment 1: Quantitative Evaluation of PL Manipula-
tion

1) Evaluation Tasks: The experiment focused on the ex-
ecution of PL manipulation in both directions. Three control
conditions were evaluated.

« PL Manipulation with Index Finger Coordination
(PL w/ index): Transition from precision to lateral
grasp using the full control strategy, including index
finger movement.

« PL Manipulation without Index Finger Coordination
(PL w/o index): Transition from precision to lateral
grasp during which the index finger remained stationary
at its initial contact angle. This condition isolates the
effect of the index finger coordination by comparing its
results to PL w/ index.

« LP Manipulation with Index Finger Coordination
(LP w/ index): Transition from lateral to precision
grasp. As the index finger coordination is essential for
this direction, only this condition was evaluated for LP
manipulation to assess its absolute performance.
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2) Evaluated Objects and Materials: The objects evalu-
ated included primitive shapes and common daily items.

o Primitive Objects: Cylinders and square prisms
(height: 120 mm) with varying widths and diameters (5,
10, 15, 20, 25, 30 mm) were evaluated. Both lightweight
polylactic acid versions and heavier aluminum versions
were used to assess the performance under different
inertial loads and surface conditions.

Common Objects: A diverse set of items representative
of ADLs were evaluated, including tools (e.g., precision
screwdriver, seal stamp), stationery items (e.g., pen,
eraser), and household items (e.g., card, spoon).

3) Procedure: Ten trials were conducted for each object
for each relevant task condition (PL w/ index, PL w/o index,
LP w/ index). This sample size was chosen to demonstrate
the feasibility of the proposed method and is consistent
with evaluation methodologies employed in related previous
studies on PL manipulation [9], [8]. The procedure for each
trial was as follows:

S1) The trial started with the hand in an open state.

S2) An initial grasp (precision for PL w/ index and PL
w/o index tasks; lateral for LP w/ index task) was
commanded. The system performed Stage 1: grasping
the object via motor current feedback and estimating its
width .

S3) Initial Object Placement and Stability Check: During
the initial grasp (S2), the experimenter visually adjusted
the object placement configuration according to the task
type. For the initial precision grasp (PL tasks), the
object was adjusted to ensure that it was (i) grasped
near its center of gravity, (ii) oriented perpendicular
to the thumb rotation axis, and (iii) the object center
was positioned between the relevant fingertip centers.
For the initial lateral grasp (LP task), the object was
adjusted to ensure that it was (i) grasped near its center
of gravity, (ii) oriented parallel to the central axis of
the index fingertip, and (iii) positioned between the
side surfaces of the thumb and index finger. After
the grasping process was completed, the experimenter
lightly perturbed the object by hand to confirm the grasp
stability before proceeding.
Subsequently, a command to transition to the target pos-
ture (lateral for PL tasks, precision for an LP task) was
issued. The system performed Stage 2, executing finger
coordination according to the specified task condition
as described in Section III. Success was evaluated at
this point based on the criteria described below.

Finally, the grasp was released, and the hand returned

to the open state.

S4)

S5)

The sequence from the initial grasp command in S2 through
the completion of the transition in S4 (excluding the experi-
menter check in S3) was executed autonomously in response
to the respective commands.

4) Success Criteria: A trial was considered successful if
after completing the transition movement in S4 and reaching
the target posture, the object was stably held (did not drop or
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TABLE I
SUCCESS RATES (%) FOR MANIPULATION TASKS OVER 10 TRIALS.

Object type Width ~ Material Weight Success rate (%)
(mm) (2) PL w/ PL LP w/
index w/o index
index
Primitive objects
Cylinder 5 PLA 2.79 100 100 100
Square prism 5 PLA 2.49 100 100 100
Cylinder 10 PLA 5.04 100 100 100
Square prism 10 PLA 6.20 100 100 100
Cylinder 15 PLA 9.90 100 90 100
Square prism 15 PLA 11.59 100 100 100
Cylinder 20 PLA 14.58 100 40 80
Square prism 20 PLA 18.03 100 100 100
Cylinder 25 PLA 20.80 100 80 80
Square prism 25 PLA 24.65 100 100 100
Cylinder 30 PLA 28.34 100 100 80
Square prism 30 PLA 34.34 100 100 100
Cylinder 5 Al 6.25 100 100 90
Square prism 5 Al 8.04 100 100 100
Cylinder 10 Al 24.92 100 100 100
Square prism 10 Al 32.18 100 80 100
Cylinder 15 Al 56.48 80 40 40
Square prism 15 Al 72.18 90 60 100
Cylinder 20 Al 100.31 70 70 30
Square prism 20 Al 128.53 100 100 100
Cylinder 25 Al 158.41 50 0 10
Square prism 25 Al 200.66 100 90 100
Cylinder 30 Al 228.00 40 20 10
Square prism 30 Al 289.09 80 40 100
Common Objects
Business card 0.3 — 1.16 0 20 100
Heavy pen 10.3 — 23.45 100 100 100
Light pen 10.2 — 9.75 100 100 100
Seal stamp 9.9 — 4.68 100 100 100
Spoon 1.7 — 15.48 20 0 100
Screwdriver 6.2 — 21.22 100 100 100
(#1)
Knife 10.5- — 63.03 100 0 100
12.5
Thick spoon 10.15 — 48.08 100 100 100
Thick teaspoon  8.55 — 26.63 100 100 100
Thick fork 10.15 — 32.44 100 100 100
Eraser 12.6 — 39.11 100 90 100
Dishwashing 43.86 — 207.34 50 0 80
det.
Toothpaste 20— — 98.22 100 0 100
24
Bolt M12-  11.81 — 75.54 50 50 30
80 mm)

* PL: Precision-lateral; LP: Lateral—precision; w/: with; w/o: without; Al:
Aluminum; PLA: Polylactic acid.

slip), as confirmed via visual inspection by the experimenter.
Even if the position of the object shifted during manipulation
owing to factors such as weight, the trial was still considered
successful if the object was ultimately stably grasped (and
remained within the hand, that is, it did not drop).

B. Experiment 2: Demonstration of Practical Applications

Although comprehensive testing involving prosthesis users
remains essential for future work, we conducted preliminary
demonstrations in several practical scenarios to demonstrate
qualitatively the potential utility of the manipulation capabil-
ity of the PLEXUS hand (specifically, using the PL w/ index
strategy) in tasks representative of ADLs that benefit from
object reorientation.



Turning a knob-style lock

g ERES

Orienting a marker for writing

w/o precision—lateral

manipulation

Closing a can lid

Fig. 4. Demonstrations of dexterous daily tasks with the PLEXUS
Hand. The figure illustrates PL manipulation (PL w/ index strategy) for
tasks such as knob turning and bottle cap closing. The yellow frame
highlights an instance where manipulation is essential to avoid palmar
obstruction. See supplementary Movie S1 (https://youtu.be/TswoBs84uyE)
for full sequences.

These demonstrations involved an operator supporting the
base of the hand using a selfie stick to position it for the task.
This setup is intended to simulate the actual usage environ-
ment of a prosthesis, where the user must actively adjust
the hand’s position for tasks. Therefore, the goal of this
experiment was not to measure quantitative success but to
qualitatively confirm the feasibility of the manipulation itself
in representative ADLs. Success was assessed qualitatively
based on task completion. These included dexterous daily
tasks requiring PL. manipulation, including knob turning and
bottle cap closing, as shown in Fig. 4.

V. RESULTS AND DISCUSSION

A. Experiment 1: Quantitative Evaluation of PL Manipula-
tion

The success rates for the manipulation tasks using primi-
tive and common objects are summarized in Table I, where
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boldface fonts are used to highlight cases in which the
two PL conditions differ by 30 percentage points or more.
The quantitative results from Experiment 1 demonstrate the
effectiveness of the proposed hand while also highlighting
the benefits and limitations of the approach.

The high success rates obtained using the primary control
strategy (PL w/ index) were observed for most lightweight
primitive objects (PLA cylinders and prisms), indicating that
the combination of the optimized single-axis thumb design
and relatively simple current-based control is sufficient for
achieving reliable PL manipulation in basic scenarios. This
finding demonstrates that a meticulous mechanical design
can simplify the control requirements for specific manipula-
tion tasks. This contrasts with strategies that rely solely on
complex sensing and control architectures typical of high-
DOF hands (discussed in Section I).

Second, the comparison between the PL w/ index and
PL w/o index conditions underscores the importance of
index finger coordination, particularly when handling heavier
objects. As demonstrated by the aluminum objects (Table I),
the success rate for the PL w/o index decreased markedly,
particularly for wider objects (e.g., 60% for 15 mm prism and
40% for 30 mm prism), whereas the PL. w/ index maintained
a considerably improved performance (e.g., >80% for all
prisms), achieving our 150 g target with a simpler design
than the dexterous hands used in related work on lighter
objects [8], [9]. This confirms that actively positioning the
index finger to provide appropriate support against the thumb
during the lateral grasp phase, which is enabled by the width
estimation, substantially enhances the grasp stability and
force application capabilities, overcoming a key limitation
identified in our previous work [10].

However, the experiments also revealed the limitations
of our approach. The lower success rates for the cylinders
compared with those of the prisms likely originates from
a different grasp instability aspect, which stems from the
difficulty in establishing a stable contact area on a curved
surface. This highlights the trade-off in our optimization
method. We evaluated grasp stability based on the conditions
indicated in our previous work [10], which assumes point
contact for computational tractability. However, as noted
in prior studies, grasps planned with point-contact models
are vulnerable to these types of rotational moments [19], a
problem that is more pronounced on the point contact of a
cylinder than on the surface contact of a prism [20]. Further
refinement of this optimization is another important direction
for future research.

B. Experiment 2: Demonstration of Practical Applications

The practical utility of the PL manipulation capability
(using the PL w/ index strategy) was demonstrated via
several tasks representative of ADLs. The successful exe-
cution of these tasks is demonstrated in Fig. 4, as well as
supplementary Movies S1 (https://youtu.be/TswoBs84uyE),
which highlight the potential benefits of this system.

The demonstrations in Experiment 2 qualitatively con-
firmed the practical potential of the manipulation system.



By controlling the PL transition based on simple current
feedback, the PLEXUS hand could perform a wider range of
functional tasks compared with scenarios requiring manual
reorientation of the object with the other hand or where
static grasps are only used (as illustrated in Fig. 4). Tasks
such as turning knobs, closing caps, and orienting a marker
for writing were successfully executed, suggesting its po-
tential for reducing compensatory user movements. This
success also validates our control approach, in which in-
hand manipulation is autonomously executed from a single
user command, thereby suggesting its compatibility with
prosthetic control schemes that rely on a limited set of
discrete commands.

Despite the various advantages exemplified herein, this
study is also associated with limitations. As noted in the
bottle cap task case the maximum applicable torque for
complete tightening was inherently limited by the grasp
force achievable by the actuators despite the fact that the
hand was able to perform the rotation sufficiently to prevent
spillage. This can be insufficient for tasks requiring very
high torques. Furthermore, real-world applications would
necessitate seamless integration and coordination of wrist
and arm movements, which constitutes an area for future
work.

VI. CONCLUSION

This study developed a novel lightweight electric pros-
thetic hand (311 g, four motors) that enables stable PL in-
hand manipulation, including heavy objects, without the use
of external sensors. The core achievement of this study is
the demonstration of a lightweight prosthetic hand that can
achieve dexterous PL manipulation via the combination of
an optimized, mechanically simple thumb and a basic motor-
current-based controller. This study demonstrated a viable
pathway toward prosthetic hands that combine functionality
with low user burden in daily use.
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