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Abstract— Continuum robots are promising for assistive
manipulation, but often lack the stiffness and payload ca-
pacity required for real-world tasks. This paper investigates
the feasibility of a novel dual-mode, gravity-assisted ceiling-
mounted articulated discrete serial robot that transitions be-
tween passive and active states using a friction-based shape-
locking mechanism. In passive mode, joints are unlocked,
allowing for chain-like flexibility similar to that of ceiling
hoists. In active mode, joints are locked, allowing for rigid and
accurate manipulation. To evaluate feasibility, we implemented
a reduced-scale prototype with two passive joints and one active
joint. We tracked its accuracy across 300 iterations of point-to-
point motion in a 2D plane. Results show high repeatability and
robustness, highlighting the potential of this architecture for
ceiling-mounted manipulation. Beyond healthcare tasks such as
patient handling, this approach contributes a scalable actuation
and shape-locking strategy for articulated discrete serial robots
in constrained environments.

I. INTRODUCTION

To address rising nursing workloads that strain staff and
impact care quality, hospitals are turning to robotic tech-
nologies [1], [2]. The broader healthcare robotics market
is expanding rapidly, with forecasts projecting sustained
double-digit growth through 2030 [3]. Much of this develop-
ment has concentrated on logistics, telepresence, or surgical
systems, but far fewer efforts target robots that can directly
support patient care and the daily workflow of nurses. This
integration of robots is generally viewed positively by nurses,
who see them as assistive tools that enhance care quality and
allow nurses to dedicate more time to patient interactions [2],
[4].

Direct patient-handling tasks, such as lifting and repo-
sitioning, are some of the physically demanding activities
in nursing, reporting 12% of nurses leaving the occupation
due to back pain from patient handling in 2011 [5]. Ceiling
lifts are widely deployed to reduce physical strain, but these
systems are rigid and limited to vertical hoisting. Mobile
assistive robots have been explored; however, crowded pa-
tient rooms raise concerns about safety and workflow. Bernad
et.al. [6] warn of the risks of robots interacting with patients
and the staff surrounding a robot. The paper addresses a
small error margin in path planning and object avoidance
that a robot needs to perform to ensure safety. A ceiling-
mounted robotic approach offers the potential to extend
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Fig. 1. Concept of the evaluation setup of one active and two passive joint
ceiling robot arm.

existing infrastructure with more adaptable interaction while
avoiding floor-space conflicts. Although highly beneficial,
ceiling lifts have their own limitations.

Ceiling lifts typically consist of a rope or sling with
a handle attachment that descends from a winch system,
which travels along a rail or gantry system. Gantry-based
ceiling systems have been widely adopted for patient lifting
tasks due to their ability to support substantial loads through
gravity-aligned suspension. [7], [8] However, these systems
often have limitations in dynamic environments, particularly
when the lifting rope becomes unloaded or slack. This results
in uncontrolled oscillations in both lateral and torsional
stability. [9] While passive rope structures are mechanically
advantageous for bearing heavy loads, their lack of config-
urability limits controllability.

As a solution, this paper proposes a modular chain mech-
anism for an articulated discrete serial-based ceiling robot
that utilizes an embedded locking mechanism to maintain
its shape, as shown in Figure 1. The design modulates the
stiffness and geometry under low-load conditions, improving
stability beyond passive rope systems. Active manipulation
capabilities further enable precise repositioning of the end-
effector, making ceiling-mounted interaction more versatile.

This research investigates a dual-mode, compact, gravity-
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assisted articulated discrete serial robot designed to support
patient care tasks, including procedure preparation, assis-
tance, and cleanup. We demonstrate feasibility through a
reduced-scale prototype. In passive mode, the robot behaves
as a chain-like structure, and in active mode, its joints are
friction-locked to maintain the desired configurations. The
prototype validates the mechanics and performance of this
dual-mode architecture.

II. BACKGROUND

A. Shape-Locking Mechanisms

Continuum robots are regarded as promising tools for
healthcare applications, where human safety, flexibility, and
gentle interaction are essential [10]. However, their inherent
flexibility poses significant challenges in hospital settings.
Continuum arms frequently encounter issues with low stiff-
ness, significant twisting, and buckling when subjected to
load, potentially affecting their accuracy, payload capacity,
and overall dependability [11], [12].

These robots have been focusing on improving load-
bearing capabilities by implementing various techniques.
The most versatile method for achieving this is through a
variable stiffness approach. This can be achieved by using
transition elements, such as shape memory alloys(SMA)
[13], magnetorheological fluids [14], magnet [15], or flexible
fluidic actuators such as McKibbin actuators [16]. Rather
than making material changes, stiffness can be varied using
the cross-section shaping method [17], [18]. Multi-material
composites, such as multi-layer jamming [19] and multi-
layer beaming [20], have also been explored. Among the
most common jamming and locking methods, such as a
layer [21], wire [22], or granular [23], were considered most
effective with a fast reversible process [24]. A review by
Blanc et al. compares the efficacy of these various shape-
locking methods [25]. To achieve the stable fixation of the
shape in place, high stiffness is required. According to Blank,
out of these various techniques, there are only three methods
that can actually lock the joints: Low Melting Point Alloy
(LMPA), SMA, and mechanical solutions.

Contrary to mechanical solutions, both LMPA and SMA
[26] based solutions are intrinsically slow in activation and
deactivation due to the requirements of thermal energy for
activation. The LMPA-based soft robot presented by McCabe
[27] required approximately 240 seconds to heat a single
joint and roughly 100 seconds to cool down. To keep the
actuation in a feasible time frame, a mechanical solution is
considered most optimal.

B. Gravity Assisted Robots

In 1990, McGeer presented a classic walking robot using
solely gravity on a slope [28]. From then on, few robots were
designed to utilize gravity as an actuation system. When
designing a robotic system, gravity is typically viewed as
an obstacle that must be overcome [29], [30]. This is due
to motors being required to use excessive energy solely on
compensating gravitational torque from the masses [31]. This
is also the case in a continuum robot. However, gravity

is a consistent and reliable force that can be advantageous
for ceiling robots. The motion is generally aligned with the
direction of gravity. Thus, the use of gravity as an actuation
mechanism for a ceiling robot warrants an investigation.

III. DESIGN OVERVIEW

A. Design Concept

To meet the functional requirements of nursing-assistive
robotics, including patient handling and spatial working
area, a retractable, articulated, discrete serial robot arm is
proposed. This arm operates in two modes: load-bearing
capacity for both passive and active use. In passive mode,
the locking mechanism is disengaged, allowing the joints to
articulate freely. This is achieved through a joint architecture
analogous to unconstrained ball-and-socket configurations,
permitting multi-directional movement without resistance.
Functionally, the articulated discrete serial arm in this state
resembles the chain mechanism of ceiling-mounted hoists
commonly found in hospital settings. The final goal for the
ceiling robot arm is designed to be drawn and extruded from
a spool, facilitating compact storage and rapid deployment.
During passive operation, vertical motion is mechanically
constrained, and the load-bearing capacity is determined
solely by the tensile and compressive strength of the con-
stituent materials.

In active mode, the system transitions into a structurally
rigid configuration. Each joint can be selectively locked using
friction jamming techniques, allowing the arm to maintain
a fixed shape under load. The robot arm comprises two
primary subsystems: a passive joint/link segment and an
active actuation module. The active module governs the
extrusion and angular positioning of subsequent joints, which
are then locked into place once the desired orientation is
achieved.

The locking of passive segments occurs once the target
angle is reached. As the active segment rotates, it drives
the motion of the following link, which settles into position
under the influence of gravity. This gravitational settling
ensures that each joint aligns with its center of mass,
contributing to the overall stability of the structure.

While in passive mode, the joints of the robot arm are
unlocked, allowing each joint to move freely, similar to
chain linkages. This functionality is comparable to the ceiling
lifts currently used in hospitals. Although the robot arm
cannot bend its linkages to reposition the payload in passive
mode, its functionality is expected to be similar to existing
solutions.

The shape-locking mechanism allows the robot arm to
maintain its desired position. Figure 2 illustrates the internal
structure and mechanism of a friction-based shape-locking
system utilizing a lead screw. A small N20 motor with
a gearbox (6V, 30 RPM, 1:100) for torque multiplication
rotates a lead screw, whose lead nut is attached to a braking
block, which applies a linear force to the ball joint.

Because the system relies on friction braking, a braking
force is needed to withstand both the payload and the weight
of the subsequent joints. Thus, the braking force should be
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Fig. 2. Free-body diagram of force transfer shape-locking mechanism and internal components of linkages and mechanism for shape-locking.

greater than the whole payload. Since the motor and the
lead screw introduce the braking force, the necessary friction
force can be calculated as

n∑
i=0

mng ≤ Ff = µFN

= µP (Ac +Af )

= µ
Flinear

Af
(Ac +Af )

(1)

Here Af and Ac are the friction pad area and contact area,
respectively.

Since the motor drives the lead screw, the force it generates
is as follows.

Flinear =
2πηKtI

llead

{
F = 2πη

l τmotor

τmotor = Ktτstall = KtI
(2)

here llead denotes the length of lead screw.

B. Shape-Locking Mechanism

Although there are many shape-locking methods, we have
chosen the simplest friction-locking method, utilizing motor
force, to test the validity of the system. The central computer
sends a signal to the I2C addressable DRV8830 motor driver,
which in turn drives the internal N20 brushed motor through
a gearbox that reduces the RPM. The attached lead screw
and shaft move the braking block. The block engages with a
ball joint featuring a half-section made of silicon rubber to
increase the friction coefficient. This is achieved by silicon
molding with a thin contact layer, ensuring that the torsional
stiffness remains high and therefore negligible.

Ball joints are designed to facilitate unrestricted rotations,
allowing for continuous articulation. These joints operate
with a rotational constraint of ±40 degrees, enabling flex-
ibility while maintaining stability. To increase the friction
coefficient and improve performance, one half of each ball
joint is filled with high-viscosity silicone, which provides
added resistance and dampening effects. This design choice
not only increases the joint’s overall durability but also
increases the friction force, allowing the joint to withstand
varying loads.

Fig. 3. Control system flow from user input to command strategy
formulation.

IV. CONTROL SCHEME

To initiate motion planning, a desired end-effector posi-
tion is first defined within the robot’s workspace. Inverse
kinematics are then computed using an iterative numerical
solver. The numerical solver explores the solution space
through optimization techniques. This is further explained
in Inverse Kinematics subsection. Once the optimal joint-
space configuration is determined, a corresponding command
sequence is generated. The microcontroller then executes the
planned commands through the motor controller. The process
is depicted in Figure 3. Command strategy is formulated
by stacking unlock joint, move active actuator, and lock
joint. This is controlled by using Arduino MKR1000 with
Dynamixel Shield from Robotis.
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A. Inverse Kinematics

Let the position of the end-effector be p3 = [x3, y3, z3]
T .

Each link vector v⃗i is defined in spherical coordinates as:

v⃗i = li

sin(θi) cos(ϕi)
sin(θi) sin(ϕi)

− cos(θi)

 (3)

The total position of the end-effector is the sum of the
subsequent vectors:

p⃗k =

k∑
i=1

v⃗i (4)

When the bending amount is equally weighted, the arms
tend to curve at an equal angle, thus making a soft arc. This
results in deviation of the center of mass from the direct
center. This is expected to increase the necessity for more
substantial torque, thus reducing the efficiency of the system.
Therefore, to set a rough estimate of the desired shapes of
the solution, a weight bias system was implemented. Each
weight, a value between 0 and 1, can define the amount of
deflection each joint will apply.

p⃗k =

k∑
i=0

v⃗iwiPEi (5)

here pd denotes the desired location, wi for weights, and
PEi for potential energy at the state. With this, a solution
can be found iteratively using the error.

0minimize ∥p⃗k − p⃗d∥ (6)
subject to θ1 ∈ [−π, π] (base joint unrestricted)

θi ∈ [−θlim, θlim]

B. Control Strategy

Once the known joint angle is established, the controller
unlocks each joint, enabling them to move freely. The active
actuator adjusts to the specified angle to set the correspond-
ing joint. While the first joint can be easily positioned
through subtraction, subsequent joints experience a shift in
their center of mass due to the compounding weight and
configuration. This shift must be taken into account. Figure 1
shows the example of a three-link system used to evaluate
the repeatability of the system.

To find the torque for a system with k links,

τi = g

k∑
n=i

mn

n−1∑
q=i

lq sin (ϕq) + cn sin(ϕn)

 (7)

where i is the link in consideration, mn states the mass of
nth link and ϕm =

∑m
j=1 θj .

Since the system is at rest, it can be considered to be in a
state of static equilibrium. Thus, the torque can be set to 0.

τi = 0 (8)

Thus, by solving this, a generalized solution for the angle to
be set for the second joint can be calculated as

tan(θ1) = −

k∑
n=i

mn

(
n−1∑
p=i

lp sin(Cp) + cn sin(Cn)

)
k∑

n=i

mn

(
n−1∑
p=i

lp cos(Cp) + cn cos(Cn)

) (9)

where Cn =
n∑

r=2
θr.

V. EVALUATION

The goal of this evaluation is to assess the feasibility of a
gravity-assisted shape-locking mechanism for use in ceiling-
mounted robotic arms. The system is expected to move to
specific locations with minimal error. This can prove that the
actuation system is capable of positioning its end effector at
the desired point. Furthermore, to understand the inherent
errors within the system, a simple open-loop feed-forward
actuation method was employed. This investigation aims
to evaluate the robustness of the system, which will help
determine the need for more complex feedback systems.

A. Hardware Setup

To evaluate the performance of the gravity-assisted shape-
locking ceiling robot arm, we simplified the system by
focusing on one active actuation unit and two passive joints.
This approach not only simplifies the system but also reduces
the workspace, allowing us to isolate key variables [32].
These changes also reduce the actuation dimensionality down
to a planar workspace. As a result, we can conduct tests on
fundamental mechanics by tracking with an RGB-D camera
(Intel RealSense D455i), which enables a more straightfor-
ward analysis of system dynamics and control fidelity.

The passive 3D-printed joints remained free in all degrees
of freedom, thus allowing their full range of motion and
enabling the system to respond solely to gravitational and
inertial forces. A silicone ball was affixed to the distal
end of the assembly, serving dual roles as both a mass to
induce gravitational actuation and a visual marker for motion
tracking.

B. Software setup

The robot arm was set to move between two target
points, while the position of the end effector was maintained.
During the passage, the silicon ball target was tracked
using the RGB-D camera. The camera is calibrated using
a checkerboard method [33], and color masking was used
to track the target object. To ensure the tracking accuracy, a
region of interest and depth masking were used. Furthermore,
five independent points were sampled and averaged when
the robot arm was at rest. This allows for the removal
of any vision and motion artifact, thus improving tracking
consistency.

C. Analysis

The positional data was grouped into the targeted po-
sitions. The samples were grouped using the K-nearest
neighbors algorithm. The groups were compared for means
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Parameter Value [m]
lRS∼EE 0.65
l[1,2,3] [0.13, 0.12, 0.08]

Fig. 4. Overview of system validation hardware setup, software flow, and parameters used for IK controller.

and spread using the Kernel Density Estimate (KDE) and
coefficient of variation (CV) for Cartesian repeatability on
each axis. Furthermore, Principal Component Analysis(PCA)
was conducted to see the trend. To further understand the
clustering, the Silhouette score as well as the Dunn index
were used to confirm the accuracy of the system.

The silhouette score and Dunn index are common internal
validation metrics used to evaluate clustering quality, partic-
ularly in machine learning [34]. The silhouette score assesses
how consistent data points are within a cluster by averaging
the distance from each point to its nearest cluster neighbor
and its farthest point in the cluster [35]. This score indicates
the coherence of the motion. Similarly, the Dunn index
compares the minimum and maximum separation between
points within a cluster [36]. This provides a measure of how
distinct the cluster is, as represented by the points the robot
actuates.

D. Result

Figure 5 describes the collected position data after 300
cycles. The clustering is described in Table I. Group 1 and
Group 2 denote the final end-effector positions after each
reach. Each pair of points is clearly separated and exhibits
meaningful clustering, demonstrating the accuracy of the
evaluation system: The silhouette score for each group was
0.984 and 0.789, indicating the congruency of each group
(∼ 1.0). This is further observed from the Dunn index: 0.056
and 0.051. Dunn index with low and similar values indicates
that the accuracy and repeatability are well understood.

Principal Component Analysis (PCA) reduces high-
dimensional data by identifying the directions in which the
most variation occurs. Using this, the shape of the cluster

Fig. 5. The final pose of the end-effector corresponds to the instructed
target configuration. KDE plots indicate the clustering of end position after
300 trials.

TABLE I
STATISTICAL ANALYSIS OF FINAL POSITION CLUSTERING TO TEST

FEASIBILITY FOR CEILING ROBOT.

SD [X, Y] CV [X, Y] Pos. (%) Silhouette (Dunn)
Group 1 [1.15, 1.15] [0.44, 0.33] 0.984 (0.056)
Group 2 [0.73, 0.35] [0.27, 0.12] 0.789 (0.051)
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Fig. 6. PCA groups tested for repeatability. Group 1 VR=[0.866 0.133],
Group 2 VR = [0.920 0.080]

can be further analyzed [32], [37]. Figure 6 entails the most
significant principal component of the cluster, which shows
the trend that is perpendicular to the rotation axis. This
deviation can stem from residual vibration from the motor
as well as the deflection from the system itself.

E. Discussion

The system evaluation confirmed that the actuation’s re-
peatability and robustness achieved a silhouette score close to
one (0.984, 0.789), making it well-suited for the intended ac-
curacy. The capability to actuate the robot arm was confirmed
through multiple trials, indicating consistent performance
under controlled conditions. This can further suggest that
with a gripper replacing a silicone ball as mass, the system
has the capacity to perform a pick-and-place task, proving
that the system is a viable solution for nursing-assistive
robots.

One explanation for the bias observed in PCA is due to
the small-angle problem(Figure 6). As the length of the robot
arm increases, the small angle exerted by the actuation piece
is expected to increase due to the long arm length. This
issue is intrinsically embedded in the system. This problem
is fixable by either segmenting the control points [38] or
using a closed-loop system [39].

Alternatively, the accuracy of the system can benefit
significantly from the implementation of a well-defined con-
troller. The current open-loop configuration, while functional,
lacks the dynamic adaptability required for high-precision
tasks. An integration of a closed-loop control system would
enhance the system’s ability to respond to real-time feedback,
thereby reducing positional errors and improving overall
performance. Such improvements would not only increase
accuracy but also contribute to more stable and reliable
actuation over extended operational periods.

The robot arm relies on the material properties for load-
bearing during passive mode. However, this cannot be re-
placed with strong materials like metals or increasing the
friction force with a stronger motor because the current
shape-locking mechanism depends heavily on withstanding
the braking force generated by friction. Furthermore, the
weights of each node compound, thus the mass exceeds
the shape locking force. Various improvements may warrant

increasing scalability.
Improving scalability can be achieved by enhancing the

shape locking mechanism. Some researchers have reinforced
the stiffness by Cross-Section Shaping [17], [18], increasing
capacity by strengthening the structural integrity against the
load. Many multi-material composites have been uncovered,
including multi-layer jamming [19] and multi-layer beaming
[20]. In this category, Jamming and Locking are included.
In jamming, either longitudinal locking, such as a layer
[21] or wire [22], can be used, or granular [23] can be
used to strengthen the system. Polymer-based shape-locking
and stiffness-variable actuators [40]–[42] were considered a
possible improvement for soft robotics. These improvements
can also speed up, as well as increase the load capacity.

This type of robot arm architecture exhibits the non-
holonomic behavior. When moving from one setpoint to the
other, the arm is not expected to follow a path. In extreme
cases, the arm is set to reset to the default position. This
action is most effective in conjunction with pick-and-place
operations. However, further investigation is needed to assess
the efficacy of this type of motion.

VI. CONCLUSION

In this paper, a novel gravity-assisted shape-locking ceiling
robot was proposed as a possible expansion to the capabilities
of current hospital ceiling lifts. This mechanism forms shapes
by locking a passively driven secondary joint actuated from
a primary joint. The shape-locking mechanism was utilized
by using a small motor and friction pads, which constrained
the motion of the ball joint linkages. Due to the active shape-
locking mechanism on freely movable joints, the system
can achieve both active and passive modes. The system
was evaluated in reduced dimensions and reduced joints
to validate its performance and robustness after repeated
actuation. Although evaluated in a reduced prototype, the
results suggest that ceiling-mounted systems can be extended
beyond lifting alone to support pick-and-place and other
assistive tasks. Future work will extend the prototype to 3D,
integrate closed-loop control, and evaluate higher payloads.
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