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Abstract

To address the challenges of limited workspace and high tissue-injury risk in orbital minimally
invasive surgery, this study proposes a compact negative-pressure-driven flexible supporting mecha-
nism. The mechanism integrates three S-shaped soft actuators fabricated using heat-sealed polyethy-
lene (PE) film and thermoplastic polyurethane (TPU) scale units, enabling conformal deployment
within the confined orbital cavity. A nonlinear mechanical model describing the pressure-deforma-
tion-force relationship of the actuator is established based on experimental characterization. A
closed-loop pressure regulation strategy is developed with vacuum pressure sensor and contact force
sensor to estimate deformation in real time. Experiments conducted in a 2: 1 orbital model demon-
strate that the mechanism could reliably expand within restricted spaces, maintain contact pressure
below the 10 kPa safety threshold, and trigger emergency stop actions under abnormal loading. The
results verifiy the feasibility and safety of the proposed mechanism for creating a stable operative
workspace in orbital minimally invasive surgery.

Key words: flexible supporting mechanism, soft actuator, orbital minimally invasive surgery,

closed loop control

0 Introduction

In recent years, soft robotics has emerged as a
major research direction in the robotics field due to its
superior compliance and environmental adaptability.
Owing to the use of soft materials and compliant struc-
tures, soft robots are capable of safe interaction and
delicate manipulation in complex environments, dem-
onstrating unique advantages in various applications
such as grasping, environmental exploration, and med-
ical intervention. Particularly in the medical field, soft
robots exhibit excellent conformity with biological tis-
sues and have been applied in scenarios such as reha-
bilitation assistance, endoluminal inspection, and min-
imally invasive surgery ( MIS), showing remarkable
advantages in hand function rehabilitation and minimal-
ly invasive access pathways'' ~*'.

Despite the above progress, minimally invasive
surgery for deep soft tissues still faces several key chal-
lenges. The absence of natural access channels and the
densely packed anatomical environment make it diffi-

cult for surgical instruments to reach deep lesions and

maintain safe manipulation. In orbital surgery, for ex-
ample, the posterior orbit is extremely narrow and
closely surrounded by vital structures such as the optic
nerve and ophthalmic artery, leaving minimal tolerance
for instrument deviation. Existing systems, including
the da Vinei Xi surgical platform, can assist access but
lack the capability to safely create and maintain an op-
erative workspace within confined soft tissues due to
their large size and absence of force feedback'> ™", Al-
ternative approaches such as multi-arm robots and con-
centric-tube structures improve reachability'® ™' yet
they still cannot actively and controllably generate
working space in deep sofi-tissue environments''*’. In
laparoscopic surgery, the soft modular laparoscopic
grasper''") and the variable-stiffness soft retractor''*’
demonstrate atraumatic tissue manipulation but are in-
tended for macroscopic cavities and do not meet the ge-
ometric or stiffness requirements of the narrow posterior
orbit.

The human orbit is a typical environment surroun-

ded by deep soft tissues, containing the eyeball, ex-
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traocular muscles, the optic nerve, and surrounding

131 To enable safe and effective orbital

adipose tissue
surgery , it is necessary to develop a flexible supporting
mechanism capable of autonomously forming a safe op-
erative workspace within the confined orbital environ-
ment.

In this paper, an innovative flexible supporting
mechanism for orbital minimally invasive surgery is de-
veloped. The mechanism integrated a soft actuator
based on negative-pressure driving and featured a
scale-like S-shaped structural design. It could be used
within soft-tissue spaces to form a stable and safe surgi-
cal operation space. A segmented mechanical model of
the soft actuator is established, and a closed-loop nega-
tive-pressure regulation control method based on vacu-
um pressure sensor and contact force sensor is proposed
to achieve real-time adjustment of the flexible support-
ing mechanism. Experimental validation is conducted
in a 2: 1-scale orbital model environment to evaluate
the feasibility of forming a safe surgical workspace for

orbital disease operations.

1 Design of the flexible supporting mecha-
nism

Currently , orbital minimally invasive surgery relies
on the da Vinci surgical system. In the field of mini-
mally invasive surgery, several studies have attempted
to improve accessibility in non-natural cavities using

. . 8-9
multi-arm or concentric-tube structures( ]

,in which
multiple inner surgical instruments are delivered to the
lesion site. However, during surgery, the soft tissues
surrounding the lesion cannot be effectively constrain-
ed, which may obstruct the surgical field of view and
introduce potential safety risks.

To address these issues, this study proposes a flex-
ible supporting mechanism, as illustrated in Fig. 1.
The mechanism is mounted at the distal end of a rigid
outer tube and can expand within soft tissues to create
a surgical working space. It isolates soft tissues from
the surgical instruments, preventing instrument-in-
duced tissue injury while simultaneously providing a
clear visual field for surgical procedures.

The design of the flexible supporting mechanism
must satisfy the spatial and mechanical constraints be-
tween the eyeball and the orbital wall. Even if the eye-
ball is displaced laterally, the effective insertion gap

available for the flexible supporting mechanism is still

Soft tissues

Flexible supporting
mechanism

Contact
forcesensor

Quasi-spherical
workspace

Fig. 1 Schematic illustration of minimally invasive surgery

using the proposed flexible supporting mechanism
very narrow. Therefore, the mechanism must remain
compact within the orbit, conform to the curved surface
of the eyeball, and avoid excessive compression of in-
traorbital tissues. By radially expanding between the
eyeball and the orbital wall, the flexible supporting
mechanism formed a safe quasi-spherical workspace
and provided a physical barrier to protect the surround-
ing tissues during surgical operation.

According to the anatomical characteristics of the
orbital environment, the flexible supporting mechanism
primarily consists of three soft actuators, each featuring
an S-shaped main curve configuration, as shown in

Fig. 2.

Eyeball

Flexible supporting
mechanism

SN

Fig. 2 Schematic diagram of the orbital structure

and the flexible supporting mechanism

The S-shaped geometry enables compound deform-
ation combining reverse bending and radial expansion
within a limited axial length. The middle segment pro-
vides bending for directional adjustment, while the dis-
tal segment expands radially to generate spatial vol-

ume. This geometric feature allows the actuator to
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closely conform to the orbital wall when unactuated,
under negative pressure loading, to bend at the mid-
section and expand at the distal end, thereby forming a
controllable quasi-spherical workspace in the deep or-

bital region. The S-shaped main curve can be ex-

pressed as
—cos(t) -1, t>%
x(1) =
—cos(t) +1, IS%
e [0, m]
sin(t), > %
y(1) = -
- <
sin(t), t 5

(1)

where x represents the horizontal coordinate and y re-
presents the vertical coordinate.

The S-shaped curve achieved an overall geometric
trend of ‘anterior convergence-midsection reverse ben-

ding-distal expansion’ as illustrated in Fig. 3.

Anterior

Distal

Midsection

Fig. 3 S-shaped main-curve configuration of the soft actuator

To satisfy the stringent spatial requirements of in-
traorbital operations while maintaining high perform-
ance, the actuator geometry is optimized for compact-
ness and adaptability within narrow spaces. The anteri-
or of the actuator is designed as a conical transition
section, and the distal expanding section consistes of
two scale-like units, each with a four-tooth structure to
enhance contact area and support stability, as shown in
Fig. 4(a). The scale-like structural units are fabrica-
ted using thermoplastic polyurethane ( TPU) material
to provide sufficient flexibility and deformation capabil-
ity under negative pressure. The actuator dimensions
are 12 mm in width, 30mm in length, and 2 mm in
thickness, as shown in Fig. 4(b). To meet the re-

quirements for miniaturization and air tightness, the

outer shell is fabricated using polyethylene (PE) film
combined with a heat-sealing process. The fabricated

soft actuator is shown in Fig. 4(c).
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Fig. 4 Dimensions of the soft actuator

2  Modeling of deformation and variable

stiffness of the soft actuator

To establish a nonlinear mechanical model suit-
able for describing the steady-state deformation behav-
ior of the soft actuator under negative-pressure actua-
tion, the actuator is modeled under the quasi-static as-
sumption, which is simplified as a sequence of dis-
cretized rigid segments in a two-dimensional plane,
and complex effects such as material viscoelasticity,
friction between scale units, and the non-uniform pres-
sure distribution inside the chamber are not consid-
ered, as these factors primarily affect high-speed or dy-
namic responses. Behaviors such as scale sliding and
nonlinear membrane deformation are represented
through the global bias deformation and the equivalent
stiffness obtained experimentally, making the model
appropriate for low-speed deformation prediction with-
out impact loads.

The actuator is discretized into several rigid seg-
ments of equal length AL in the xy plane'™ | connected
by equivalent torsional springs. The relative rotation
angle at each joint is denoted as A 6., as illustrated in
Fig. 5.

Under the quasi-static assumption, the elastic po-
tential energy of the i-th joint could be expressed as

Eq. (2).

Ui = %kL<P>A01 - ao,i(P)z (2>
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1

Fig. 5 Discretized modeling of the soft actuator

where P represents the driving negative pressure,
k;(P) denotes the equivalent torsional stiffness associ-
ated with the applied pressure, and 6, ;(P) is the bias
angle when no contact force is applied. Applying the
principle of virtual work to the entire soft actuator un-
der acontact load F yielded the equilibrium Eq. (3).

K(P) (A0 -0,(P)) =J(0)'F (3)

where K(P) = diag[k,(P),--+,ky(P) ] represents the
stiffness matrix of all segments, A@ = [ A@, -+, A0, ]"
is the vector of rotational increments, 6,(P) =
[6,,(P) =+, 6, y(P) 1" denotes the vector of bias
angles, J(@) = 0x/96 is the Jacobian matrix describing
the relationship between the end displacement and the
segmental rotation, F'is the applied contact force and T
represents the matrix transposition. By substituting the
global equivalent stiffness k. (P) for the distributed
stiffness parameters k,(P) and the global bias deforma-

tion 6, .,

(P) for 6, ,(P), a simplified static input-output
relationship of the soft actuator is derived as Eq. (4).

F
ke (P)

y(P F)= 0, .,(P) - (4)

where y denotes the actuator tip displacement along the
deformation direction.

Static loading experiments are conducted on the
soft actuator shown in Fig. 4 to determine the relation-

ships of &k, (P) and 6, . (P) with negative pressure.

Calibration is performed using data within the pressure
range of 0 —40 kPa. The experimentally obtained dis-
crete parameters of pressure-deformation-force are fitted
using pressure as the independent variable. The results
are shown in Fig. 6(a) and (b), which illustrate the
variations of the global equivalent stiffness k., (P) and
the bias deformation 6, . (P) with negative pressure,
respectively. It can be observed that equivalent stiffness
slightly increases with rising negative pressure, showing
a linear relationship within the range of 0 =40 kPa. The
bias deformation was positively correlated with pressure
and gradually approached saturation as pressure increa-
ses; under a negative pressure of 40 kPa, the maximum
deformation reached approximately 3.5 mm. These re-
sults established a nonlinear mechanical model of the
soft actuator that described the relationship between
global equivalent stiffness and the global bias deforma-

tion under varying negative pressures.
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Fig. 6 Results of deformation and variable stiffness

of the soft actuator

3 Control method of the flexible supporting
mechanism

To achieve precise regulation of deformation and
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stiffness in each soft actuator within the flexible sup-
porting mechanism, a closed-loop negative-pressure
control method using model-based state estimation with
vacuum pressure and contact pressure was proposed.
The method dynamically adjusted the negative pressure
of each actuator chamber according to sensor feedback ,
enabling stable responses and maintenance of the de-
sired supporting space during surgical manipulation.

The closed-loop control system consisted of a vac-
uum pump, proportional control valve, negative-pres-
sure sensor, contact force sensor, controller, and the
flexible supporting mechanism, as illustrated in Fig. 7.
The negative-pressure sensor measured the internal
chamber pressure P, while the contact force sensor at-
tached to the actuator shell monitored the contact pres-
sure P, exerted on surrounding tissues. Based on the
nonlinear mechanical model developed in Section 2,
the actuator deformation & was estimated by substituting
P and P, into the corresponding physical terms of the
model, as expressed in Eq. (5).

AXxXP,,

8 =06,.,(P) Tk (P)

(5)
where A denotes the effective contact area of the pres-
sure sensor.

It should be emphasized that P and P

fused to estimate the same quantity; rather, they serves

o are not

as model inputs of different physical meaning, with the
(P) and
equivalent stiffness &, (P), and the latter contributing

former determining the bias deformation 6,

to the external load term A x P_,. The estimated deform-

ation 6 is then compared with the desired value §,,

yielding the error signal e(¢) defined in Eq. (6).
e(t) =6, -6(1) (6)

A proportional-integral -derivative ( PID) control-
ler is employed due to its simple structure and suitabil-
ity for real-time implementation, which generates the
control signal u(¢) to modulate the negative pressure P
by adjusting the pulse-width modulation (PWM) duty

cycle of the proportional valve, as shown in Eq. (7).

de(t)
dt

u(1) = Ke(t) + K [ye(1) dt + K, 7
where K, K;, and K denote the proportional , integral ,
and derivative gains, respectively. The optimal param-
eters determined experimentally are K, = 60,K; = 60,
K, = 0. Given the quasi-static nature of the negative
pressure actuation in this system, PID control provides
adequate performance for stable and accurate pressure
regulation.

Experimental results show that under a step input,
the output of the PID controller increased from 40 to 65
with a rise time of 1, =18 s, and reached 68 with a set-
tling time of t, =55 s, with an overshoot of M, = 0, as
illustrated in Fig. 8(a). The deformation error of the
soft actuator converged to below 0. 1 mm within approx-
imately 15 s, without noticeable overshoot, as shown in
Fig.8 (b). After reaching the target deformation, a
small steady-state oscillation is observed. These results
indicate that a small proportional gain effectively sup-
pressed overshoot, thereby preventing rapid pressure
fluctuations that could potentially damage orbital tis-

sues.
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Fig. 7 Closed-loop control system of the flexible supporting mechanism
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Fig. 8 Step response of the PID controller

4 Experiment in orbital model

To verify the applicability and safety of the flexi-
ble supporting mechanism in orbital surgical scenarios,
functional validation experiments are conducted using a
2: 1-scale orbital model. The negative-pressure control
strategy employed in these experiments was consistent
with the closed-loop control method described in Sec-
tion 3 and was implemented using the hardware setup
shown in Fig. 8. All experiments were performed on-
line under real-time sensor feedback , with the negative
pressure updated online at 50 Hz, ensuring that the ac-
tuator deformation remained within the desired range
throughout the operation. The experiments aimed to e-
valuate both the expansion performance of the flexible
supporting mechanism and the safety of its interaction
with surrounding soft tissues.

The orbital model was designed based on real or-
bital anatomical parameters at a 2: 1 scale. The eyeball
and extraocular muscles are made of rubber, while the
orbital cavity was fabricated using rigid transparent res-

in to facilitate visual observation of internal deforma-

tion. To replicate the mechanical characteristics of or-
bital adipose tissue, the cavity was partially filled with
high-elasticity polyurethane sponge material, the flexi-
ble supporting mechanism was initially configured in a
triangular-prism shape, as shown in Fig. 9(a), and a
pinhole camera was placed inside the structure to record

the experimental process, as illustrated in Fig. 9(b).

o

(a) Orbital model experimental environment

(c) Driven state

(b) Endoscopic view

Fig. 9 Orbital model experiment setup

To evaluate the response characteristics and safety
of the flexible supporting mechanism under different
operational conditions, two representative experiments
are designed.

Experiment 1. Safety-trigger experiment. The
target deformation was set, and the chamber negative
pressure gradually increased. When any contact force
sensor detected a pressure reaching 10 kPa ( the prede-
fined orbital pressure safety limit), the system auto-
matically triggered an emergency stop. This test veri-
fied whether the control system could respond promptly
to prevent intraorbital tissue damage under accidental
contact or spatial constraints.

Experiment 2: Maximum expansion experiment.
Under safety mode, the negative pressure was gradually
increased until the soft actuators of the flexible support-
ing mechanism reached their maximum deformation. If
all measured contact pressures remain below 10 kPa, it
indicated that the mechanism could safely achieve full
expansion without exceeding the safety threshold, thus

effectively creating and maintaining an operational
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space in the orbit.

As shown in Fig. 10(a) , during the safety-trigger
experiment, when one actuator of the flexible support-
ing mechanism encountered accidental contact, the
contact pressure detected by the corresponding sensor
increased significantly. When the detected pressure
reached or exceeded 10 kPa, the control system identi-
fied that the safety threshold had been exceeded, and
within the next control cycle, an emergency stop was
immediately executed by restoring the negative pressure
to 0 kPa. Consequently, the actuator returned to its
neutral state under orbital pressure.

As shown in Fig. 10(b) , during the maximum ex-
pansion experiment, when the actuator deformation ap-
proached its designed limit, the measured contact pres-
sure gradually plateaued and ceased to increase, indica-
ting that the actuator had reached its maximum deforma-
tion. The maximum recorded contact pressure remained
below 9 kPa, confirming that at full expansion the

mechanism did not cause excessive tissue compression.
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Fig. 10 Pressure sensing results of the orbital model experiment

Furthermore,, comparison between external obser-
vations and images captured by the pinhole camera
(Fig. 9(b) and (c¢)) demonstrated that the flexible
supporting mechanism could achieve stable deployment
within the orbital model and provide sufficient working
space while maintaining cavity integrity. These results
clearly confirm the feasibility and safety of the proposed
mechanism as an assistive device for orbital minimally

invasive surgery.
S Conclusions

In this study, a negative-pressure-driven flexible
supporting mechanism is developed to address the chal-
lenge of forming a safe operative workspace in orbital
minimally invasive surgery. The mechanism integrates
three compact S-shaped soft actuators and employs a
closed-loop pressure control strategy to regulate deform-
ation in real time. Experiments using a 2: 1-scale orbit-
al model confirme that the system could reliably expand
within confined spaces while maintaining contact pres-
sure below the safety threshold and executing emergen-
cy stop actions when abnormal loading is detected.
These results demonstrate the feasibility and safety of
the proposed mechanism for assisting orbital surgery.

The performance of the current design could be
influenced by membrane compliance, friction between
scale units, and fabrication precision, which might
limit the deformation range and long-term durability.
In the present implementation, deformation estimation
relies on a model-based framework in which vacuum
pressure and contact pressure serve as inputs to differ-
ent physical terms of the actuator model; no dedicated
sensor-fusion algorithm is incorporated at this stage.
Future work will focus on improving material selection,
refining fabrication processes, optimizing the actuator
geometry for smaller scales, and further exploring sen-
sor fusion or model-data hybrid estimation strategies to
enhance robustness and control performance under

more diverse clinical conditions.
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