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Abstract

Wireless capsule endoscopy (WCE) has the potential to fully replace conventional wired counterparts for its low invasive-
ness. Recent studies have attempted to expand the functions of capsules toward this goal. However, limitations in space and
energy supply have resulted in the inability to perform multiple diagnostic and treatment tasks using a single capsule. In this
study, we developed a dual-functional capsule robot (DFCR) for drug delivery and tissue biopsy based on magnetic torsion
spring technology. The delivery module was shown to rotate the push rod with a thrust of 894 mN to release approximately
0.3 mL of semisolid drug. The biopsy module used a built-in blade to cut tissue with a shear stress of 22.87 MPa, producing
a sample of approximately 1.8 mm?. Additionally, a five-degree-of-freedom permanent magnet drive system was developed.
By adjusting the strength of the unidirectional magnetic field generated by an external magnet, the capsule can be wirelessly
controlled to sequentially trigger the two functions. Ex vivo tests on porcine stomachs confirmed the feasibility of the proto-
type capsule (12 mm in diameter and 45 mm in length) in active movement, medication, and tissue biopsy. The newly devel-
oped DFCR further expands the clinical application prospects of WCE robots in minimally invasive surgery.
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1 Introduction

Insufficient attention to dietary health has led to an increas-
ing incidence of gastric diseases annually [1]. If left un-
treated, symptoms such as inflammation, ulcers, and bleed-
ing can progress to a potentially cancerous state [2, 3]. Cur-
rently, electronic endoscopy is considered the gold standard
for diagnosing and treating gastrointestinal diseases [4]. It
involves inserting a long cable into the patient’s body cav-
ity, enabling clear observation of the target tissue and offer-
ing viable treatment options [5]. However, these traditional
procedures often cause significant discomfort and are asso-
ciated with risks such as infection and perforation, which
makes them intolerable for some patients [6, 7]. The advent
of wireless capsule endoscopy (WCE) has effectively cir-
cumvented these issues.

Since the launch of the first commercial capsule endo-
scope M2A by Given Imaging, Ltd. (Israel) in 2001 [8],
various advancements have been achieved in WCE. One no-
table example is the integration of a circular magnet into the
capsule endoscope, which has transformed the movement
of capsules from passive to active, offering a more compre-
hensive view of the stomach and intestines (NaviCamTM
from Ankon Co., Ltd., China) [9]. Despite the enhance-
ments in mobility and imaging, significant incentives for
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the widespread adoption of these capsules are still lacking.
To fully replace traditional wired endoscopy, substantial im-
provements in the diagnostic and therapeutic capabilities of
WCE are necessary.

Recent studies have focused on developing capsule ro-
bots with diagnostic and therapeutic capabilities based on
commercial WCE devices. These robots are equipped with
tools like biopsy needles, scrapers, and micro forceps for
submucosal tissue biopsy sampling [10], or compartments
and patches for drug storage and release [11, 12]. Different
power sources have been explored for expanding capsule
functionality, including thermoelectric effects [13], micro
motors [14, 15], shape memory alloys [16], and magnetic
fields [17-21]. However, the first three options may prema-
turely drain the energy of the original button batteries be-
fore the completion of a full gastrointestinal examination [22].
The incorporation of numerous complex mechanical compo-
nents into the capsules also hinders these from being com-
pact. Magnetic driving is considered an optimal scheme due
to its contactless operation and high reliability, which elimi-
nate the need for an additional electrical power supply, thus
attracting significant interest [23]. For example, based on
the soft Sarrus linkage concept, Son et al. [17] designed a
capsule capable of moving back and forth in an external
magnetic field to perform multiple biopsies. Ye et al. [24]
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utilized the same-direction repulsion principle of two circu-
lar permanent magnets in an external magnetic field to ex-
tend the biopsy forceps from the capsule for sampling. It is
crucial to note that, whether involving a single magnet re-
ciprocating or the attraction-repulsion switching mechanism
of the magnets, these axial magnet arrangement strategies
will occupy significant space, limiting the ability of a single
capsule to perform multiple diagnostic and therapeutic tasks.

The magnetic torsion spring (MTS) is a novel magnetic
mechanical elastic element that can be remotely loaded by
altering the surrounding magnetic field and can also store
and release mechanical energy upon external activation.
This concept was first introduced by Simi et al. [25], who
incorporated two radial magnets and a scraper within the
capsule to sample tissues using the torque generated by the
instantaneous switching of the magnetic moment direction
from parallel to opposite. Subsequently, Zhou and Alici [26]
modified the end effector of the MTS to a mechanical struc-
ture that could increase the capsule’s diameter, enabling the
remote anchoring of the capsule endoscope. Characterized
by its unique radial arrangement, the MTS offers advan-
tages in integration and energy release, making it suitable
for multifunctional expansion of the capsule.

In this study, we developed a highly integrated dual-
functional capsule robot (DFCR) incorporating an improved
MTS mechanism. The innovative MTS module, equipped
with three magnets, can react to external magnetic fields to
produce two working torques, thereby activating the drug
delivery and tissue biopsy functions of the DFCR in se-
quence. Additionally, a five-degree-of-freedom permanent
magnet drive system was designed to generate the required
magnetic field for controlling the DFCR’s actions. Ex vivo
experiments on porcine stomachs confirmed the feasibility
of the prototype capsule in executing these functions.

2 Robot structure design
2.1 Capsule overview

Figure 1la illustrates a specific scenario in which the DFCR
is applied in the stomach, where it performs both the func-
tions of drug delivery and biopsy sampling. The patient
swallows the DFCR with water, allowing it to move from
the esophagus to the stomach through peristalsis. By apply-
ing a low-intensity external magnetic field, B, the opera-
tor can adjust the capsule’s orientation to bring the sus-
pected lesion within sight. The capsule’s movement to the
first target location is facilitated by alternating Bum with a
rolling magnetic field, Bron. Upon detecting inflammation
in the tissue, the MTS is activated via a medium-intensity
unidirectional magnetic field, Brelease, to release the stored
drug. Subsequently, the DFCR is redirected and piloted to

the second target site, which contains hyperplastic tissue, us-
ing the same low-intensity external magnetic field. A high-
intensity unidirectional magnetic field, Buiopsy, then reacti-
vates the MTS to capture the tissue sample that enters the
capsule through the notch with a blade. The procedure ends
with the robotic capsule exiting the stomach and eventually
being excreted for the pathological evaluation of samples.

The DFCR consists of four modules: a camera module,
an MTS module, a drug delivery module, and a tissue bi-
opsy module (Fig. 1b). The camera module, situated at the
front of the capsule, is modeled after a commercial capsule
endoscope that is mainly used for observing potentially ab-
normal tissue. Since its design is well-documented, further
details will not be discussed in this section.

2.2 MTS module

The MTS module, located in the middle of the capsule,
serves a dual purpose: driving the robot to the target area
and supplying the necessary working torques for drug re-
lease and tissue biopsy. It mainly comprises a central mag-
net (CM), release magnet (RM), and biopsy magnet (BM),
all of which are cylindrical magnets radially magnetized
and aligned along the capsule’s axis. While they share the
same thickness, the CM has a larger diameter. The BM is
positioned closer to the CM along the axis than the RM.
The CM remains stationary within the capsule, whereas the
RM and BM are placed on either side of it, which allows
them to rotate freely but not move along the robot’s axis.
Upon activation by an external magnetic field, the RM and
BM rotate, delivering the torques to the corresponding mod-
ule for the execution of minimally invasive surgery.

Figure 2 depicts the working principle of the MTS. Ini-
tially, no external magnetic field or a weak magnetic field is
present, and the magnetic moments of the three magnets are
parallelly aligned (Fig. 2a). During this phase, the rotational
movements of the RM and BM are constrained by the mag-
netic coupling torque so that their initial positions are main-
tained, as shown by the rotation angles 81 and 0> of the two
magnets relative to CM, being both 0. As the external mag-
netic field increases along the direction of the CM’s mag-
netic moment, the torques applied to the RM and BM also
increase. Due to the greater axial distance (d1) between the
RM and CM compared with the distance (d2) between the
BM and CM, the magnetic torque exerted by the CM on the
RM is lower than that on the BM. As a result, the RM
reaches the torque threshold of the CM before the BM, and
the mechanical energy released from the MTS under the in-
fluence of the external magnetic field causes its rotation
(f1=m). Meanwhile, the BM remains in its original state
(02=0) as it has not yet surpassed the torque from the CM
(Fig. 2b). Subsequently, as the external magnetic field
further strengthens, the BM eventually overcomes the

@ Springer



498 Bio-Design and Manufacturing (2025) 8:495-510
(a)
Robot }
ingestion } .
dra 4 Motion
N Sontrol Tissue biopsy Drug release
A CM BM BM CM
RM
2
Function
execution
Bbiopsy Brelease
> 1) , »
q Robot ! [ / ]
excretion | / /. /
& Blade ;Hyp_erplastic Rod > > Drug
_ tissue Inflamed
tissue
(b)
Overall E Tissue biopsy module i
structure E Ratchet Biopsy magnet i
1 1
0. 1’“ 5
i » S i
O - 7o
: ' pawl Notth  plage ;
0 __ Camera e e el e e o B '
\: module

MTS module
Central magnet

Biopsy magnet “
Bearing

i
|
i
| e :
Jo ) |
da Ja
1

LT

Bearing !

Release magnet !

Release magnet

Rod

Uﬂj’,

Storage room

Fig. 1 Conceptual design of the proposed DFCR. (a) Specific scenario in which the DFCR is applied in the stomach. The procedure involves the
capsule entering the stomach propelled by the peristaltic force of the digestive tract and performing surgical functions while being controlled by
an external magnetic field. (b) Robotic overall structure and detailed design. RM: release magnet; CM: central magnet; BM: biopsy magnet

combined torque from the CM and RM, which leads to
its alignment with the CM’s magnetic orientation (6>=mx)
(Fig. 2c). Finally, as the external magnetic field weakens,
both the BM and CM return to their initial positions
sequentially.

The improved MTS primarily involves a fusion of two
basic MTSs (MTS; and MTSy,). MTS;, containing the CM
and RM, is utilized for drug release, while MTSp, compris-
ing the CM and BM, is employed for lesion biopsy.

@ Springer

2.3 Drugdelivery module

Figure 3a shows in detail the process of drug release from
the drug delivery module positioned between the camera
and the MTS modules. Initially, the semisolid drug remains
stored in the chamber until the capsule reaches the target
area, as there is no magnetic field strong enough to activate
the rotation action of the RM. When the outlet aligns with
the inflamed region, a stronger external magnetic field is
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applied to engage MTS;. This causes the RM to turn and
transfer torque to the axially connected rod, pushing the
drug out toward the target site. Explanations in Section 2.2
have indicated that the BM remains nearly stationary, thus
segregating the biopsy procedure. Once all drugs are dis-
pensed from the storage chamber, the external magnetic
field is removed. The RM and the rod return to their origi-
nal positions under the influence of the magnetic coupling
torque.

The volume of the drug released by the rotation of the
rod is expressed as follows:

1
Vdrug=§/3(Rgut—Ri2n)d, (1)

where S represents the rotation angle of the rod, Rout and
Rin are the outer and inner radii of the rod, respectively, and
d is the chamber depth. In general, the release volume of
0.3 mL of the targeted drug is sufficient to meet the medical
treatment criteria [27], from which the size of Rout, Rin, and
d can be determined.

In this study, it was essential to evaluate the force re-
quired to expel 0.3 mL of medication from the storage
chamber to the target tissue. The outlet was modeled as a
straight circular needle, with a length of 1 mm and an inner
diameter of 1.4 mm. The Poiseuille equation was employed
to simulate the flow of medication through the needle [28].
The flow rate was calculated as follows:

r*(p2-p1)

Of= 8ol

@)

where r is the radius of the needle’s bore, ny is the viscosity
of the medication, and / is the length of the needle. p| repre-
sents the pressure at the end of the needle, which is O be-
cause the drug was released onto the tissue surface, while
p2 is the pressure required to expel the medication. For ny,
the semisolid medication (consisting of polyvinyl alcohol
(PVA 1795) gel) typically behaves as a plastic fluid, with
its viscosity decreasing as the shear rate increases. To ap-
proximate the Poiseuille equation, which assumes an ideal
Newtonian fluid, it was necessary to determine the effective
viscosity of the medication. Here, it was measured at
5.8 Pa-s using a viscometer at room temperature, under a
conventional shear rate of 1s~! at a concentration of 10%,
which ensured the effective expulsion of the semisolid
medication. The administration time was set to 1 s, and the
flow rate Qr was calculated by dividing the volume of medi-
cation stored in the delivery module by the target delivery
time. By rearranging the equation, it was possible to deter-
mine the pressure p2 required for medication delivery; this
value was subsequently multiplied by the cross-sectional
area of the plunger in the chamber to obtain the delivery
force Fr necessary to expel the medication, satisfying |Fl=
554 mN.

2.4 Tissue biopsy module
The biopsy module of the DFCR’s end utilizes a rotating

blade for sampling, as shown in Fig. 3b. Along with a rigid
ratchet, this blade is connected to the shaft embedded with
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Fig. 3 Detailed illustrations of the two modules: (a) drug delivery module; (b) tissue biopsy module

the BM. A one-way rotational mechanical structure was es-
tablished through the interaction between a flexible pawl in-
side the capsule shell and the rigid ratchet.

The biopsy procedure consisted of four stages. Initially,
the capsule was positioned in the lesion to allow the target
hyperplastic tissue to enter the robot through the notch.
Next, a high-intensity external magnetic field was applied
to activate M TSy for tissue biopsy. The BM rotated counter-
clockwise, propelling the blade to collect suspicious tissues.
Simultaneously, the rigid ratchet moved in the same direc-
tion as the BM without being constrained by the pawl. Once
the sampling was completed, the external magnetic field
was turned off. The magnetic coupling with the CM caused
the BM, ratchet, and blade to attempt to return to their origi-
nal positions due to the torque effect. However, the clock-
wise rotation of the ratchet was impeded by the elastic
pawl, effectively locking the BM. This ensured that the har-
vested tissue remained securely stored within the capsule,
preventing any potential contamination or leakage. Despite
the RM’s rotation induced by the magnetic field, the sam-
pling process was not affected, as the drug had already been
delivered, ensuring that no drug residues were left in the
capsule.

The total rotation angle of the blade is m during the bi-
opsy procedure. The shear stress zp capable of executing
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biopsy sampling from the tissue of interest is expressed by
the following equation:

= TIv
T kb5
where T’ is the rotational torque generated by the BM, and
k, 6, and s are the working radius, thickness, and width of
the blade, respectively. To ensure effective lesion sampling,
it is recommended to maintain lzp/>20 MPa [20].

The sample amount obtained by scraping using the blade
was calculated as

3)

b

Vsample=5'5 -h, )

where / is the thickness of the collected tissue. The amount
of sampled tissue should range from 1 to 5 mm? to ensure
the feasibility of subsequent histological analyses [29, 30].

3 Analytical model of magnetic fields

To effectively perform minimally invasive surgery using
the DFCR, it was crucial to conduct a preliminary evalua-
tion of its functional response and motion control via simu-
lation. This evaluation was necessary to determine whether
the triggering magnetic field strength of the MTS and its
corresponding operating torque met the desired requirements.
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3.1 Functional simulation model

It was first essential to accurately set the dimensions and po-
sitions of the three magnets in the MTS. The CM should
have a larger diameter than the BM and RM on both sides
due to its dominant role in exerting the magnetic coupling
torque. Given that drug delivery occurs before tissue bi-
opsy, the torque exerted by the CM on the RM should be
weaker than that on the BM, indicating a longer axial dis-
tance between the former two magnets. Moreover, to de-
velop a highly integrated capsule robot prototype suitable
for clinical applications, the magnet sizes should be mini-
mized under an excitation magnetic field.

A finite element simulation analysis of the MTS was con-
ducted using ANSYS Maxwell software. The external mag-
netic field was generated by an external permanent magnet
(EPM) measuring 40 mm in diameter and 30 mm in thick-
ness. The CM had a diameter of 10 mm and a thickness of
3 mm, while the RM and BM had a diameter of 6 mm and
the same thickness as the CM. The axial distance between
the RM and the CM was 7 mm, while that between the BM
and the CM was only 2 mm. All the magnets had a magneti-
zation strength of 890,000 A/m (N35).

Based on the magnetic dipole theory, the magnetic field
B(p) at point p generated from a permanent magnet is ex-
pressed by the following equation:

B(p)z—”'”g'(sﬁﬂ—l)n‘z, (5)
4tlrd
where po is vacuum magnetic permeability and its value is
47‘CX10_7T'm'A_1,I is the 3x3 identity matrix, m is the
magnetic dipole moment, r is the vector from the center of
the EPM to position p, and 7 and m are the unit vectors of r
and m, respectively.

When there is no external magnetic field (Bou) present,
the torques applied from the CM on the RM and BM are
represented as Tin (Tinr and Tinb ). The torques exerted by
the EPM on the RM and BM are denoted as T out (Toutr and
Tou). Since the magnetization direction of the EPM
aligned with that of the CM, no torque would be exerted on
the CM. These two torques were calculated as

TinszeakSin(a_a’), (6)
Tout=m10ad X Bout, @)

where Tpeak represents the peak torque, a and a' represent
the rotation angles of the load-side (BM or RM) and drive-
side (CM) in each basic MTS, respectively (the difference
a—a' denotes the relative angular displacement), and mioad
is the magnetic moment for the loaded magnet. Due to the
alignment of the external magnetic field that activated the
MTS with the CM, the rotation angle of the CM remained
at zero (a'=0).

According to the simulation analysis of the basic MTS
(Fig. 4a), Tin reached its maximum value when lal=n/2. In
the presence of the activated magnetic field environment
created by the EPM, the total torque acting on the RM was
a combination of Tin and Tout. As the external magnetic
field intensified (Fig. 4b), the total torque changed its direc-
tion, indicating that the torque exerted by the EPM on the
RM exceeded that applied by the CM. During this time, the
RM rotated as its magnetic moment gradually aligned with
the external magnetic field, producing torque. When the di-
rection of this magnetic moment became perpendicular to
the CM’s magnetic moment direction, the torque reached
its peak value.

To comprehensively analyze the improved MTS, a finite
element simulation of the four magnets was also conducted
(Fig. 4c). The magnetic moment direction of the EPM was
aligned with the CM and positioned at a vertical distance of
69 mm from the MTS. Figure 4d displays the distribution of
the simulated magnetic field strength produced by the EPM.
In this configuration, the RM and BM remained in their ini-
tial positions without rotating. Another simulation was per-
formed wherein the EPM-MTS distance was gradually ad-
justed from 80 to 30 mm with a step size of 1 mm. The
torque comparisons shown in Fig. 4e indicate that the RM
and BM began rotating at distances of 61 and 43 mm from
the EPM, which corresponded to magnetic field strengths of
18.2 and 71.3 mT, respectively.

The working torques of the RM and BM had to exceed
the minimum required values to ensure effective drug deliv-
ery and tissue biopsy. When the distance between the EPM
and MTS was 44 mm during drug delivery, the external
magnetic field strength reached 65.3 mT. At this point, the
RM rotated with a torque of 3.10 mN-m, while the BM re-
mained stationary. In the case of a rotation radius of 3.5 mm,
the drug thrust |F;| was determined to be 886 mN, which ex-
ceeded the necessary 554 mN. For tissue sampling, the dis-
tance was reduced to 34 mm, and the magnetic field
strength increased to 154.4 mT, resulting in a torque of
6.85 mN-m on the BM. The blade dimensions were 0.03 mm
in thickness and 2 mm in width. By applying Eq. (3) with a
working radius of 5 mm, the resulting shear stress Izl was
calculated to be 22.83 MPa, meeting the required standards.

In addition to torque estimation, it was equally important
to analyze the anchoring force of the capsule to ensure the
stability of the surgical procedure. The non-uniform strength
of the external magnetic field generated by the EPM not
only enabled the active motion and functional triggering of
the DFCR but also provided the necessary anchoring force.
This anchoring force is determined by the attractive and re-
pulsive forces between the MTS and EPM. Gastric peristal-
sis can interfere with the capsule’s position, potentially dis-
placing the robot from the target area. Therefore, a stronger
anchoring force can help reduce these adverse effects.
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PM: permanent magnet

The anchoring force F, exerted by the EPM on the mag-
nets inside the capsule is described as

Fa=(mc-V)Bou, )

where m represents the magnetic moment of the magnet in-
side the capsule, and V is the gradient operator. The ob-
tained force values are reported in Fig. 4f, indicating the
presence of three stages: the initial unactivated MTS
(Phase 1), the triggered MTS; (Phase II) for drug release,
and the activated MTSyp for biopsy (Phase III). As the
strength of the external magnetic field increased, the RM
and BM gradually aligned with the direction of the external
magnetic field, increasing the attractive force on the capsule
and reducing the repulsive force. This led to an upward
trend in the anchoring force, especially in Phase III, ensur-
ing the capsule’s resistance to interference.
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3.2 Active motion control model

Accurate control of the capsule robot motion facilitates pre-
cise examination of specific areas within the gastrointestinal
tract, thereby improving diagnostic and therapeutic capabili-
ties. Currently, the magnetic fields used for driving these ro-
bots are generated either through electromagnetic coils [31]
or a permanent magnet [32]. Electromagnetic coils produce
uniform and gradient magnetic fields by strategically ar-
ranging and controlling the current [33, 34]. Conversely, the
permanent magnet, acting as the end effector of the robotic
arm, generates the required magnetic field directly by adjust-
ing its position and orientation. Simulation results of mag-
netic fields in Section 3.1 show that a permanent magnet
can effectively initiate the active motion and functions of
the DFCR. Due to its strong magnetic field, low installation
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cost, and simple operation, we opted to analyze the capsule
motion control via permanent magnet driving (PMD).

Two distinct motion control modes were established
(Fig. 5). The first was a destination-reaching mode to drive
the capsule toward the target location; the second was an
orientation-adjusting mode to align the surgical device
within the capsule with the lesion. Throughout the active
motion process, the three magnets that constituted the MTS
remained fixed relative to the capsule body. For the sake of
simplifying the analysis, these magnets were treated as a
single entity, and the forces and torques acting on them
were calculated via vector composition.

Fig. 5 Model of the capsule’s active motion control: (a) destination-
reaching mode; (b) orientation-adjusting mode. B11, B12, B21, and
B2 represent the external magnetic field of different directions at dif-
ferent times

In the destination-reaching mode, the EPM executed si-
multaneous horizontal movements and rotations to generate
a composite magnetic field comprising rotating and gradi-
ent components. The DFCR navigated to the target area via
a combination of sliding and rolling motions. The sliding
motion was driven by the gradient magnetic field, while the
rolling motion was induced by the rotating magnetic field.
The capsule’s sliding motion was calculated as follows:

d2xc
dr?

where @ and e denote the mass and radius of the capsule, re-
spectively, and x¢ and 6. represent the horizontal displace-
ment and rotational angle of the DFCR around its axis, re-
spectively. Fsumh and Fsumy refer to the total magnetic
force vectors in the horizontal and vertical directions, re-
spectively, resulting from the interactions between the MTS
and the EPM. With regard to the frictional force, the normal
support force is the vector sum of Fgm,y and the gravita-
tional force of the capsule (wg), with the friction coeffi-
cient between the capsule and the gastrointestinal tract
denoted as pr. The direction of the frictional force depends
on the relative velocity between the rotational and transla-
tional velocities, and a sgn function is suitable to represent

dxc do.
dr dr

=Fsum,h—Sgn( e),uf(Fsum,v‘i'wg), )

this characteristic. If the rotational speed exceeds the
translational speed, rotation dominates, propelling the cap-
sule forward due to friction; otherwise, friction hinders
movement in the opposite direction. During rotational mo-
tion, the capsule rotated around its axis (nad), as described
by the following motion equation:

d2e dx. dé
[adZC:Tsum,ad_[Sgn(d:_ dtC e)/’lf(Fsum’V—’_a)g)i'e’

dr
(10)

where Iad and Tsum,ad are moment of inertia for the capsule
and the sum of magnetic torque along axis nad, respectively.

In the orientation-adjusting mode, the DFCR rotated
around the radial axis nrd to bring the lesion area into the
field of view. The devices performing minimal surgery, in-
cluding the blade and drug-pushing rod, were positioned di-
rectly at the target tissue. There was no rolling motion in-
volved in the entire adjusting process, so the direction of the
frictional force remained opposite to that of the rotation.
The following motion equation was obtained:

H

(gc =15um,rd_j /"f(FsumaV'i'wg)dh’
dr 0

d2

I 1D
where Irq represents the moment of inertia, which is not
equal to Iaq due to the different rotation radii. H is the
length of the capsule, and Zsum,rd and @ are the sum of the
magnetic torque and rotation angle around the radial axis
nrd, respectively.

The surgical procedure executed by the DFCR involved
switching between the two modes of movement. Initially,
the capsule used the front camera to locate the lesion while
in the orientation-adjusting mode. It then switched to the
destination-reaching mode, guided by a mixed magnetic
field, to reach the desired site. Subsequently, the capsule ad-
justed the outlet of the drug delivery module toward the le-
sion in the orientation-adjusting mode. When the unidirec-
tional magnetic field activated the basic MTS for drug deliv-
ery, the stored drug was released into the target area. This
process was repeated to guide the capsule to the target loca-
tion, where tissue biopsy was performed using a stronger
unidirectional magnetic field, allowing the sample to be re-
moved by the blade inside the capsule. Once all surgical
tasks were completed, the capsule was driven away from
the stomach.

4 Experiments
4.1 Setup
We developed a DFCR prototype that integrates both drug

delivery and tissue sampling functionalities (Fig. 6). The
majority of the prototype’s components, such as the shell,
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shaft, and ratchet, were constructed using regular photosen-
sitive resin via stereolithography (SLA) 3D printing
(SOGAWORKS, China). The dimensions of the notch re-
served for biopsy were 5 mmx5 mm. An elastic pawl, made
of a black soft rubber material (TPU, 70A) using a fused de-
position modeling (FDM) 3D printer (Bambu Lab, China),
worked alongside the ratchet to ensure unidirectional rota-
tion. The blade, constructed from red wax resin, included a
sharp stainless-steel edge produced via electrical discharge
machining. The MTS comprised three N35 magnets and
two bearings sourced from Alibaba Co. (China). The drug
storage chamber contained approximately 0.3 mL of 10%
semisolid PVA gel stained with blue food coloring (McCor-
mick, USA) to simulate a drug for treating stomach dis-
eases. All the fixed internal parts and shells were bonded us-
ing a medical-grade adhesive (Loctite 435, Henkel Invest-
ment Co., Ltd., China). Once assembled, the final DFCR
had a diameter of 12 mm and a length of 45 mm.

(@) Pawl Ratchet  (b) CM (¢) Rod
- ® :
Bearing Bearing Storage
Shell  Shaft T -
- & BM RM s
- L ) ” L )

. Sideboard Blade
(d)

Fig. 6 Photographs of the components of the DFCR and final prod-
uct: (a) tissue biopsy module; (b) MTS module; (c) drug delivery
module; (d) assembled DFCR prototype

Based on the two motion control modes (i.e., destination-
reaching and orientation-adjusting), a five-degree-of-freedom
PMD platform with an EPM end-effector was also devel-
oped to generate the required magnetic field for DFCR mo-
tion and function triggering (Fig. 7). The platform enabled
rotational motion around the x- and z-axis through direct
connections to the motor shaft and worm-gear transmission,
respectively (Table 1). Translational motion along the x-
and y-axis was achieved using synchronized pulleys to
maintain a constant motor position during horizontal move-
ment. Vertical translation was facilitated by a screw with
high-loading and self-locking capabilities. The EPM pro-
vided a range of motion of 300 mmx300 mmx200 mm,
effectively covering the typical size range of an adult stom-
ach [35]. The mechanisms were powered by stepper motors
controlled by an STM32 (STMicroelectronics, Switzerland),
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& ﬁ/
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Fig. 7 PMD system for capsule manipulation. (a) Block diagram of
the approach for controlling the robotic capsule, where Ax, Ay, Az,
Aby, and A6, represent the five-degree-of-freedom motion informa-
tion of the EPM. (b) PMD system prototype. HMI: human—machine
interface; PWM: pulse width modulation

Table 1 Major parameters of the PMD system

DOF Type Range Accuracy
Rotation around x Direct connection 360° 0.1125°
Rotation around z Worm gear 360° 0.005°
Translation along x ~ Synchronous pulley 300 mm 0.1 mm
Translation along y ~ Synchronous pulley 300 mm 0.1 mm
Translation along z  Lead screw 200 mm  0.005 mm

DOF: degree of freedom

and the human-machine interface (HMI) for command
communication was programmed using LabVIEW (Na-
tional Instruments, USA).

4.2 Force evaluation

To investigate the feasibility of drug delivery and lesion bi-
opsy, the two output torques of the RM and BM were mea-
sured while applying a unidirectional magnetic field. Addi-
tionally, the anchoring force acting on the capsule was
quantified during microsurgery to ensure the stability of the
working process. The radially distributed magnetic field of
the EPM was also examined to verify the effectiveness of
the triggering mechanism. The obtained results were then
compared with previous simulation data for further analysis.

Figures 8a and 8b illustrate the conceptual and experi-
mental setup for measuring the two output torques. The
EPM was positioned on a linear stand to facilitate vertical
motion, while the DFCR was placed on a fixed stage within
the effective range of the magnetic field generated by the
EPM. Both the BM and RM inside the capsule were
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Fig. 8 Measurements of the output torque. (a) Conceptual diagram for assessing the output torque. (b) Experimental platform. (c) Drug-delivery
torque corresponding to the distance between the EPM and MTS. (d) Tissue-biopsy torque as the EPM approaches

coaxially connected to rollers of the same diameter. By at-
taching an inextensible string between the roller and the
load cell (Nscing Co., SH-III, China), the aimed torques
were calculated as follows:

Tm=F)R, (12)

where T'm, Fp, and R are the working torque under the dual
impact of the CM and EPM, the pulling force on the string,
and the rotation radius of the roller, respectively. The EPM
was pre-adjusted to align with the magnetization direction
of the CM. During the torque measurement process, the
EPM moved toward the DFCR from a distance of 80 to
30 mm with a step interval of 1 mm to apply an enhancing
unidirectional magnetic field. As the string only experi-
ences tension forces, its orientation had to be adjusted based
on the direction of Th.

When the BM and RM rotated by n/2, the output torque
reached its maximum, initiating the functions of the drug-
pushing rod and biopsy blade. Figures 8c and 8d show the
measured drug-delivery and tissue-biopsy torques, which
aligned closely with the simulated values. Minor discrepan-
cies may have stemmed from assembly inaccuracies and
friction among the internal components. The RM and BM
generated specific torques when the EPM was positioned
62 and 43 mm away from the capsule, respectively. As this
distance decreased to 44 mm, the RM’s drug-delivery

torque was 3.129 mN-m, with a calculated drug-pushing
force of 894 mN. At 34 mm, the BM’s biopsy torque
reached 6.860 mN-m, and the corresponding biopsy stress
was calculated at 22.87 MPa using Eq. (3). The experimen-
tal data confirmed that both the RM and BM are capable of
generating sufficient torque for surgical procedures once
their operational sequence is firmly established.

Figures 9a and 9b show the schematic and experimental
setup for measuring the anchoring force. The EPM was
placed on a vertical linear stand. To better replicate the gas-
trointestinal environment, a freshly isolated pig stomach
was used to conduct the experiment. The DFCR was posi-
tioned on the stomach, with one end connected to a load
cell (Nscing Co., SH-III) via a polymer string. The force
gauge moved at a consistent speed in a linear act controlled
by a stepper motor. The capsule was propelled at a uniform
speed, and the anchoring force was subsequently deter-
mined using the following equations:

wa=F t —f,

F N= F at wg,

S=utFn,
where a represents capsule acceleration, with the DFCR

moving at a constant speed, resulting in |a|=0.In these
equations, FN, F,, Ft, and f denote the normal force, an-

13)

choring force, tensile force, and friction force, respectively.
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Fig. 9 Measurement of the anchoring force: (a) schematic diagram for estimating the anchoring force; (b) experimental setup; (c) magnetic field
distribution results as the EPM approaches; (d) anchoring force value of the DFCR

Initially, the friction coefficient yf was measured in the ab-
sence of the EPM. Subsequently, the EPM was adjusted in
1-mm increments to approach the capsule and record the ten-
sile force at each step. Additionally, a teslameter (Tunkia Co.,
TD8620, China) was utilized to measure the magnetic field
strength every 1 mm along the radial direction of the EPM.
Based on the analysis of the anchoring force, whose re-
sults are presented in Figs. 9c and 9d, the experimental data
closely aligned with the simulated values. Minor discrepan-
cies may be attributed to inaccuracies in the magnetic field,
potentially arising from an angular misalignment between
the teslameter probe and the direction of the external mag-
netic field as well as from variations in the anchoring force
due to irregular folds on the stomach surface that disrupted
the linear motion of the capsule. As the distance between
the EPM and the DFCR decreased from 80 to 61 mm, the
anchoring force gradually increased. Only the CM was at-
tracted, while the other two magnets were repelled. When
the distance was 62 mm and the magnetic field strength
reached 17.32 mT, the RM began to rotate and the anchor-
ing force increased to 0.194 N. The curve’s growth rate ac-
celerated from 61 to 44 mm due to the absence of repulsion
from the RM. The drug was released at 44 mm under an ex-
ternal magnetic field of 67.59 mT. At 43 mm, with a mag-
netic field of 72.55 mT, the BM aligned its magnetic mo-
ment with the external field, resulting in an anchoring force
of 0.974 N. The trend further intensified from 45 to 33 mm
due to the magnet’s attractive force. Tissue was collected
via biopsy at 34 mm under a magnetic field of 151.82 mT.
Throughout the procedure, the DFCR remained stably an-
chored to the lesion area, confirming the system’s stability.
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4.3 Motion validation

To evaluate the effectiveness of the motion model, the
DFCR was tested on an ex vivo porcine stomach. The stom-
ach’s surface folds were uniformly simplified into uphill
and downhill slopes. The required magnetic field strength
to propel the capsule forward or adjust its orientation in-
creased in the presence of protruding tissues and decreased
in the presence of concave tissues. Throughout the motion,
the magnetic field strength varied from 14.01 to 16.25 mT.
Prior to the experiment, the stomach tissue was moistened
with water to simulate a patient drinking water and swallow-
ing the capsule.

Figure 10 and Video S1 (supplementary information) de-
pict the motion of the DFCR. The green dot indicates the
starting point of the capsule, while the red dot marks the
target lesion. Initially, the capsule moved uniformly in the
y-direction while rotating around its cylindrical axis and the

Fig. 10 Image illustrating the motion of the DFCR through the por-
cine stomach, including its position and orientation at certain specific
moments
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z-direction, which caused it to roll rightward and rotate
clockwise. A pre-positioning method using a front-mounted
camera was employed to observe the stomach and identify
lesions. As the EPM moved past the capsule along the y-
axis, the force exerted by the external gradient magnetic
field on the capsule overcame the torque produced by the
rotating magnetic field, causing the capsule to slide toward
the target area. Eventually, the capsule aligned directly
above the EPM, where the rotational torque became the
dominant force, propelling the capsule to its destination.
Throughout this process, the uneven distribution of the mag-
netic field around the EPM and the interference torque from
the gastric surface folds resulted in the DFCR moving
slightly backward.

The motion test confirmed the reliability of the wireless
DFCR control. By appropriately adopting the destination-
reaching and orientation-adjusting methods, the capsule
safely and accurately reached its target location. Addition-
ally, the intensity of the driving magnetic field remained be-
low the triggering threshold of the MTS, thus premature
triggering of drug release and tissue biopsy functions was
not observed during the movement.

4.4 Invitro test

The experimental procedure for drug release is depicted in
Fig. 11a and Video S2 (supplementary information). Ini-
tially, the capsule was guided to the target site, where
its outlet was aligned with the designated area. Upon

Hyperplastic
tissue

application of an external magnetic field to the RM, the rod
began to rotate counterclockwise by m/2, enabling drug de-
livery through the outlet to the target location. As the exter-
nal magnetic field decreased, the rod returned to its original
position, allowing for repeated drug administration by cycli-
cally strengthening and weakening the magnetic field,
thereby optimizing drug release. Ultimately, upon relocat-
ing the capsule, the release of the blue-colored drug at the
target site became observable. Throughout this entire pro-
cess, the biopsy module remained stationary.

In the case of tissue biopsy (Fig. 11b), a section of an
ex vivo pig stomach was partially cut to create a small ad-
hered protrusion that simulated hyperplastic tissue. As ob-
served for the drug delivery operation, the DFCR was ini-
tially guided to the target area, allowing the hyperplastic tis-
sue to enter the capsule through the notch. As the activated
magnetic field was applied, the blade was propelled by the
BM to rotate and scrape the tissue inside. The removal of
the magnetic field locked the blade in place due to the
ratchet and pawl mechanism, effectively sealing the col-
lected tissue within the capsule.

According to the experimental results (Figs. 11c and 11d),
the designed functional modules were capable of releasing
the stored drug almost completely (0.3 mL, basically no
residue in the chamber) and successfully extracting approxi-
mately 1.8 mm? of tissue (1.8 mmx1 mmx1 mm) from the
target location, thereby satisfying the fundamental require-
ments for medical diagnosis and treatment. To ensure the

Fig. 11 Workflow of the procedure and experimental results: (a) drug release experiment; (b) tissue biopsy experiment; (c) drug delivery
module after the experiments; (d) sampled tissue and its fluorescence microscopy image
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reliability and consistency of the experimental data, five
tests were conducted for both the drug delivery and biopsy
functions. The drug delivery was 100% successful, meaning
that the drug was completely released to the target location.
The biopsy sampling had a success rate of 80%, with an av-
erage volume of sampled tissue of approximately
1.526 mm®. Additionally, these samples were subjected to
histological analysis. First, each sample was placed in
phosphate-buffered saline (PBS) and homogenized using ul-
trasonic treatment. It was then suspended in PBS and
stained with 4',6-diamidino-2-phenylindole solution. In a
dark environment, the tissue precipitate was collected and
resuspended in PBS, and a portion of the suspension was
placed on a slide for observation under a fluorescence mi-
croscope. In the fluorescence microscopy image of a
sampled tissue shown in Fig. 11d, the blue regions represent
fresh animal cells, further validating the effectiveness of the
biopsy function.

Notably, to simplify targeted drug delivery and biopsy,
this experiment employed an open-outlet design, including
a drug outlet and a notch. The drug storage chamber was
filled with a semisolid formulation to reduce the risk of ac-
cidental release at non-target sites. In comparison to liquid
formulations, semisolid drugs, which exhibit higher viscos-
ity and concentration, can demonstrate their functions more
effectively. In potential clinical applications, degradable
films (as coatings) or soluble ice materials can be positioned
at the capsule’s openings to seal the chamber, thereby pre-
venting premature drug release or damage as well as the in-
advertent entry of foreign substances. Specific degradation
triggers, such as temperature, pH, or enzymes, can be identi-
fied based on the physiological or pathological conditions
present in different regions of the gastrointestinal tract [36].

5 Discussion and outlook

In this study, we introduced a DFCR activated by an MTS.
The innovative MTS system, consisting of three magnets in-
tegrated within the capsule, was shown to enable both se-
quential medication delivery and lesion biopsies within a
controlled, unidirectional magnetic field. A permanent mag-
net drive platform with five degrees of freedom has been de-
veloped to facilitate the wireless control of the DFCR.
Torque measurements indicated that the capsule robot
generated 894 mN of thrust for medication delivery and
22.87 MPa of stress for sampling when exposed to external
magnetic fields of 67.59 mT and 151.82 mT, respectively.
Motion experiments confirmed the capsule’s capability to
adjust its position, detect lesions, and navigate to specific
targets. Furthermore, ex vivo trials on porcine stomachs
demonstrated the successful delivery of 0.3 mL of medica-
tion and retrieval of 1.8 mm? samples.

@ Springer

Unlike conventional capsule robots that are limited to a
single function, the newly developed DFCR can perform
multiple diagnostic and therapeutic tasks within a confined
space, thereby expanding the clinical possibilities of capsule
endoscopy for surgical tasks. Recent studies have proposed
enhancing capsule functionality through modular designs,
where multiple independent robots collaborate to perform
specialized tasks in restricted environments [37-40]. How-
ever, challenges such as the reliability of docking mecha-
nisms, suitability for larger spaces like the stomach, and the
risks of retention in intestinal bends need to be addressed.
These limitations indicate that the research is still in its
early stages, and the practical implementation of multiple
integrated functions has not yet been achieved. In contrast,
our proposed MTS provides a promising alternative by ad-
dressing the integration problem to a significant extent and
offering the advantage of cost-effectiveness for practical
implementation [41].

Currently, this novel DFCR and its control platform re-
quire further development. For instance, we have only dem-
onstrated the independence of the two functions in the spe-
cific application scenario of administering medication be-
fore biopsy. Although it is feasible to redesign the sequence
of these functions based on the MTS and utilize them inde-
pendently, in practice, the diagnostic and therapeutic func-
tions are not fully independent. Additionally, with regard to
the clinical translation of the DFCR, potential side effects
and risks must be considered. The newly developed capsule
robot is approximately 1.5 times that of the currently used
commercial capsule endoscopes (typically 25-30 mm),
which means it is more difficult for patients to swallow and
also significantly increases the risk of complications such as
intestinal obstruction. Optimizing the axial dimension of the
MTS and employing a soft polymer shell along with flex-
ible magnets, instead of the current hard shell and rigid
magnets, could enhance patency in narrow environments
like the intestines. Considering the requirements of biocom-
patibility, future capsule prototypes should be constructed
using medical-grade plastics, such as polyvinyl chloride and
polyethylene, due to their lightweight nature and appropri-
ate stiffness. Biocompatibility tests are also essential to pre-
vent infections in gastrointestinal tissues. Furthermore, an
array of magnetic sensors can be arranged around the PMD
platform to provide physicians with real-time information
on the capsule’s location, improve the accuracy of the cap-
sule’s movements through closed-loop feedback, and pre-
vent accidental drug release or biopsy by monitoring the dis-
tance between the EPM and the magnets inside the capsule.

In addition to solving the above challenges, future work
should explore additional functional applications of the
capsule robot and conduct in vivo testing to fully harness
the DFCR’s potential in clinical surgery. We believe that
WCE robots will eventually replace traditional wired
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endoscopes, bringing the concept of a “capsule surgeon” to
fruition [42].
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tary material available at https://doi.org/10.1631/bdm.2400276.
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