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M E D I C A L  R O B O T S

Harnessing the oloid shape in magnetically driven 
robots to enable high-resolution ultrasound imaging
Nikita J. Greenidge1*, Benjamin Calmé1, Alexandru C. Moldovan2, Bartas Abaravicius3,  
James W. Martin1, Nils Marahrens1, Jon Woolfrey1, Bruno Scaglioni1, Damith S. Chathuranga1, 
Srinjoy Mitra3, Sandy Cochran2, Pietro Valdastri1

Magnetic fields enable remote manipulation of objects and are ideal for medical applications because they pass 
through human tissue harmlessly. This capability is promising for surgical robots, allowing navigation deeper into 
the human anatomy and accessing organs beyond the reach of current technologies. However, magnetic manipu-
lation is typically limited to a maximum two–degrees-of-freedom orientation, restricting complex motions, espe-
cially those including rolling around the main axis of the magnetic robot. To address this challenge, we introduce 
a robot design inspired by embodied intelligence and the unique geometry of developable rollers, leveraging the 
oloid shape. The oloid, with its axial asymmetry and sinusoidal motion, facilitates rolling when precisely con-
trolled by an external magnetic field. We present a versatile closed-loop control model to ensure precise magnetic 
manipulation of an oloid-shaped robot. This capability was validated in endoluminal applications through the 
integration of a 28-megahertz micro-ultrasound array to perform virtual biopsies, noninvasive real-time histo-
logical imaging. Extensive in vitro and in vivo tests using a porcine model showed the robot’s ability to execute 
sweeping motions, identify lesions, and generate detailed three-dimensional scans of gastrointestinal subsurface 
tissue. This research not only restores a critical movement capability to magnetic medical robots but also enables 
additional clinical applications deep within the human body.

INTRODUCTION
The application of magnetic manipulation to medical robots, such as 
robotic catheters (1, 2), flexible endoscopes (3–5), and capsule en-
doscopes [NaviCam (6)], has streamlined device design by eliminat-
ing the need for complex internal actuation mechanisms (7). This 
approach enables miniaturization and enhances adaptability for 
navigating intricate anatomical pathways within the body.

Magnetic manipulation involves the use of a controlling mag-
netic field source to induce a force, F ∈ ℝ

3 (newton), and torque, 
� ∈ ℝ

3 (newton ⋅meter), on a magnetic object, allowing control over 
its position and orientation. In medical applications, where the ro-
bot is typically considerably smaller than its distance from the con-
trolling field source, the robot behaves as a simple north-south 
magnetic dipole with a symmetric field around its magnetization 
axis (denoted as XI in Fig. 1). As such, magnetic manipulation of 
objects is typically limited to a maximum of two degrees of freedom 
(DoFs) in orientation and three DoFs in position.

Related works (8–11) have explored the use of magnetic force to 
produce off-axis rigid body torques to control roll around the ob-
ject’s magnetization axis through various methods detailed in Re-
sults. However, these techniques, including newer soft magnet 
methods (12, 13), remain unsuitable in clinical applications. They 
have only been demonstrated in fluid environments with low force 
and torque demands and on microscale robots controlled by elec-
tromagnetic coil systems. Furthermore, they rely on complex field–
generating setups with at least eight magnetic control inputs 
(1, 14–16). A detailed comparison of these approaches, including 
power consumption and workspace size, is available in table S1 and 
Supplementary Discussion.

In terms of generating the controlling magnetic field, electro-
magnetic coil systems provide high control precision and adapt-
ability, which are crucial in some applications. However, these 
systems typically have large physical footprints and limited work-
spaces, consume substantial power, require cooling, and are expen-
sive to implement (15, 17).

Robotically manipulated single external permanent magnet (EPM) 
systems offer several advantages for slower, larger-scale applica-
tions such as flexible endoscopy. These systems require no energy 
to sustain a static magnetic field, making them energy efficient and 
suitable for prolonged use. They can generate strong fields over 
larger workspaces while being more compact, portable, and cost 
effective compared with electromagnetic coil systems (3, 18). Al-
though they are more complex to control and limited to five mag-
netic control inputs, as demonstrated in previous magnetic flexible 
endoscope (MFE) research (3,  4), these trade-offs are often out-
weighed by their practicality in clinical settings. The MFE system 
enables painless (19), automated, and remote colonoscopy proce-
dures (20) while retaining the same functionalities as standard flex-
ible endoscopes. Although its feasibility has been validated during 
clinical trials (19), it has yet to demonstrate diagnostic capabilities 
that surpass those of standard flexible endoscopes.

At the cutting edge of gastrointestinal (GI) endoscopic technol-
ogy is the concept of virtual biopsies where high-fidelity diagnostic 
sensors are used to perform in situ histopathology. In the context of 
GI cancer screening, where early and accurate detection is critical 
(21), the ability to perform virtual biopsies could eliminate the de-
lays, costs, and complications associated with traditional histologi-
cal analysis, allowing screening, diagnosis, and therapy to occur in a 
single procedure (22). A modality used alongside the standard flex-
ible endoscope is micro-ultrasound (μUS) or high-frequency US, 
typically delivered via mini-probe endoscopic ultrasound systems 
like the 20-MHz UM-3R (Olympus America Inc.), which are passed 
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through the flexible endoscope’s working channel. Although these 
probes are effective for in situ cancer staging (23), positioning them 
precisely is essential to producing artifact-free imaging (24), which 
can be difficult in manual manipulation. Additionally, using a μUS 
probe occupies the working channel, limiting its use for tasks such as 
margin assessment during therapeutic procedures where access to the 
working channel is required for other purposes. Another example of 
GI μUS is transrectal μUS, such as the ExactVu probe (25), which can 
perform 29-MHz μUS of the prostate and has been externally con-
trolled robotically to create three-dimensional (3D) μUS images (26). 
However, these probes are specifically designed for rectal imaging and 
cannot reach deep within the GI tract, resulting in an unmet need.

Previous research on MFEs integrated a single μUS transducer 
capable of capturing histologically relevant images of the colon wall 
(3). However, the absence of roll control limited its ability to target 
specific areas, restore contact if misaligned, or perform radial sweep-
ing motions. Designing 360° curved arrays presents substantial 
manufacturing challenges, given that bending delicate thin trans-
ducer elements often leads to high failure rates (27). Some ap-
proaches introduce motors to rotate sensors (28); however, these 
compromise the simplicity and safety of magnetic manipulation, 
increase power consumption, and fail to address the overall dexter-
ity of magnetic medical robots. These challenges underscore the 

need for enhanced dexterity in a clinically applicable manner, with-
out additional actuation modes.

Inspired by embodied intelligence and the geometry of develop-
able rollers, this work introduces a clinically applicable approach for 
generating torque around the magnetization axis in magnetic medi-
cal robots. This is achieved by geometrically coupling the existing 
two-DoF magnetic torque using just five magnetic control inputs for 
roll control while still maintaining independent control over the 
original two DoFs. Developable rollers, observed in applications such 
as classical and quantum optics (29), sphericon-shaped magnetic 
millirobots (30), and fluid mixing, are known for their unique 
meandering rolling motions (Fig. 2B). This innovation specifi-
cally leverages the oloid shape to achieve axial rotation, using its 
axial asymmetry and interaction with the environment (see movie 
S1). This method, demonstrated on the MFE platform, is agnostic to 
how the controlling magnetic field is generated, extending roll re-
covery to any magnetic manipulation system with at least five mag-
netic control inputs, including electromagnetic coil systems.

To validate this approach, we developed and evaluated a differen-
tial geometry–based control model for source-agnostic magnetic 
manipulation of an oloid-shaped magnetic device (OMD) on various 
clinically relevant surfaces. In line with its motivation in GI endos-
copy, an oloid-shaped magnetic endoscope (OME) was designed, and 

Fig. 1. OME for recovering a lost DoF in magnetic medical robots, enabling virtual biopsies during endoscopy. (A) The magnetic manipulation system relies on the 
use of cylindrical permanent magnets where the field generated by the EPM pulls and orients the IPM during the procedure. The lost DoF (“roll”) in magnetic manipulation 
around a magnet’s magnetization axis (XI) is shown by the arrow on the IPM. (B) A joystick is used to control the robotic system where the operator only has to consider 
the desired direction on the basis of the camera frame. (C) The operator console is used to visualize the camera feed for navigation and to inspect the 3D reconstructed 
virtual biopsies. (D) The robotic system, which includes a robotic manipulator, is used to manipulate the EPM and therefore the magnetic field to control the OME. (E) The 
sweeping motion is used to demonstrate the clinical viability of recovering the rolling motion for diagnostic sweeps. (F) The OME with the subsurface micro-ultrasound 
visualization sensor. See movie S1 for a visual representation of the concept overview.
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its ability to perform rolling and sweeping motions alongside exist-
ing DoFs was demonstrated. To enable virtual biopsies, a 32-element, 
28-MHz μUS linear array [Fig. 2C(iii)] was integrated to capture 
high-resolution subsurface images. Autonomous μUS sweeping 
and 3D subsurface image reconstruction were achieved using a cus-
tom coupling detection algorithm, validated through both in vitro 
and in vivo testing in a porcine model. Last, the system’s ability to 
provide clinicians with in situ lesion margin and staging information 
was evaluated in vivo by performing virtual biopsies of an artificially 
introduced polyp.

RESULTS
The DoF limitation in magnetic manipulation
Magnetic manipulation in medical robotics is simplified through 
the dipole model, where magnets are represented as magnetic di-
poles (see Fig. 3). This simplification remains accurate given that the 
distance between the controlling source and the robot generally ex-
ceeds two times the size of the internal magnet (31).

As shown in Fig. 3B, a magnetic object (internal dipole) with 
magnetic moment mI ∈ ℝ

3
(
ampere ⋅ squaremeter

)
 placed in an 

external magnetic field BE ∈ ℝ
3(tesla) experiences both an align-

ment torque τm and gradient-induced force Fm. These are gener-
ated by the external dipole to minimize the system’s potential 
energy. Conventionally, the magnetization axis of a magnetic ob-
ject aligns with its local coordinate frame such that XI is parallel 
to mI. However, magnetic alignment torque is defined by the cross 
product �m =mI × BE, where mI is parallel to BE, �m = 0. As a re-
sult, magnetic alignment torque can only be generated around 
axes perpendicular to mI meaning that it is not possible to gener-
ate magnetic alignment torque around an object’s magnetiza-
tion axis to control the roll angle (ϕ). A visual representation and 
practical demonstration of this phenomenon are provided in movie 
S1 along with a detailed mathematical explanation in Supplemen-
tary Discussion.

Related work has explored the use of magnetic force to produce 
off-axis rigid body torques to control roll around the object’s 

magnetization axis. This is achieved by coupling force and torque 
control through the inclusion of multiple discrete magnets (8, 9, 32) 
or by using a single magnet with a nonuniform magnetization or 
anisotropic shape (10–13).

The oloid
Coupling existing DoFs to regain roll control in magnetic manipu-
lation required a geometry with axial asymmetry. For bidirectional 
rolling, the geometry also needed at least one plane of symmetry, 
allowing roll actions in two distinct, opposing directions.

The oloid, distinguished from others in the developable roller fam-
ily, is formed by joining two perpendicular, equal intersecting circles 
with a distance between their centers (c1 and c2) equal to their radii 
(shown in Fig. 3). This unique shape lacks vertices and maintains 
continuous surface contact during rolling because of its develop-
able, flattenable (developed) surface (Fig. 3). As a ruled surface, it 
is generated by straight lines (generators) connecting its circles at 
points P1 ∈ ℝ

3 and P2 ∈ ℝ
3, along a directrix. This leads to its para-

metric equation

where − 2π

3
≤ u ≤

2π

3
, 0 ≤ v ≤ 1. The script to generate the 3D surface 

of the oloid using Eq. 4 has been made available in our accompany-
ing data repository.

When an oloid rolls on a flat plane, one generator line contacts 
the plane becoming the instantaneous axis of rotation, with angular 
velocity, � ∈ ℝ

3
(
radian per second

)
, parallel to this line and tan-

gent to the plane, expressed as

To control rotation around a robot’s magnetization axis using 
geometric misalignment and two-DoF magnetic torque, the magne-
tization axis must not be parallel to the object’s angular velocity. This 
exists in the oloid over the controllable range, in direct contrast with 
a shape like the cylinder, where its angular velocity is always parallel 
to its central axis. See the “Roll generation in the oloid” section in 
Supplementary Discussion for further details.

r(u,v) = P1(u) + v
(
P2(u)−P1(u)

)
(1)

� ∥ P2 − P1 ⇒ � ×
(
P2−P1

)
= 0 (2)

Fig. 2. Experimental setup and design overview of the OMDs. (A) Benchtop experimental setup for the roll control experiments. (B) Illustration of the oloid shape roll-
ing on a horizontal plane, Τ [based on (41)] (C) (i) OMD, (ii) OME, and (iii) OME with integrated micro-ultrasound array.
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OME versus MFE DoFs
To embody the unique rolling abilities of the oloid into the OME 
design [Fig. 2C(ii)], its pure form was adapted to meet clinical re-
quirements and to incorporate essential endoscope features. This 
required evaluating the oloid’s functional areas and their relation 
to the range of roll motion. By merging the key elements of the 
oloid with the cylindrical MFE, a hybrid design was achieved that 
adhered to clinical size constraints, as detailed in the “Oloid shape 
integration” section in Materials and Methods.

Dexterity was assessed through a direct comparison between the 
MFE, which has a cylindrical shape, and the OME, evaluating their 
ability to perform independent tilt and yaw motions, as well as cou-
pled rolling motion (see the “Magnetic actuation of the endoscope” 
section in Materials and Methods for details). These experiments 
were conducted on lubricated Perspex using the MFE’s robotic sys-
tem as illustrated in Fig. 2A.

As shown in Fig. 4 and movie S2, the OME not only enabled 
controlled rolling motion, albeit coupled with tilt and yaw, but 
also allowed for more independent tilt and yaw control compared 
with the MFE’s cylindrical design. The MFE experienced uncon-
trollable roll during manipulation, minimized in past designs 
through offset internal permanent magnet (IPM) placement for 
corrective torque and minimal-energy orientation. Because of the 
tubular nature of GI endoscopy, tilt and yaw are the primary 
DoFs, with roll desired only for specific tasks like tissue scanning 
or tool or camera manipulation. See fig. S2 for x, y translational 
experiments and the orientation-time graphs used to generate the 
radar plots in Fig. 4.

Generating rolling motion with the oloid in open loop
To control the oloid’s rolling motion, we used an analytical differen-
tial geometry model detailed in the “The oloid model” section in 
Materials and Methods. This model defined the line of contact dur-
ing rolling and calculated the corresponding transformation matrix 
for the oloid’s local coordinate frame. We hypothesized that adjust-
ing the applied magnetic field according to this sequence would rep-
licate the desired rolling motion in an OMD in open loop.

We developed an OMD [Fig. 2C(i)] with a 3D-printed oloid-
shaped shell (20-mm radius, 60-mm length) that accommodated an 
IPM with integrated localization. This localization data tracked the 
roll and compared it with the model’s predictions. Assuming perfect 
magnetic coupling, the EPM was programmed to follow the trans-
formation matrix sequence. Initial tests on a high-friction silicone 
substrate (Fig. 5A and movie S3) emulated the model’s nonslip con-
dition. Tests were repeated on bumpy foam, flat foam, and Perspex 
(Fig. 5, B to D, and movie S3) to evaluate performance across differ-
ent surfaces over a 180° range (see fig. S3 for extended results). The 
silicone surface closely matched the model’s nonslip condition, 
showing the highest correlation with predicted motion, whereas 
Perspex, which was unable to maintain the nonslip condition, showed 
the least correlation. A scaled-down demonstration was performed 
in an electromagnetic coil with a mini-OMD (fig. S4) to assess the 
model’s versatility and scalability. These results indicate that al-
though this open-loop setup can achieve rolling motions in a range 
of conditions, a closed-loop control system was crucial for precise 
control, particularly when environmental conditions differed from 
model assumptions.

Fig. 3. Block diagram control schematic for closed-loop control of the oloid. (A) Roll control (purple): The differential geometry model of the oloid is illustrated accord-
ing to (41) with (x, y, z) representing the local oloid coordinate frame {O} and (I, II, III) representing the fixed frame {F}. The developed surface corresponding to the projec-
tion of the oloid’s generators is shown in gray. The centers of the oloid’s defining circles are marked by c1 and c2 with contact points on the plane denoted by P1 and P2. 
(B) Magnetic field control: The dipole-dipole model approximation where pE and pI are point dipoles and mE and mI represent the magnetic moments. Magnetic forces Fx, 
Fy, and Fz and aligning torques τy and τz act on the internal dipole. Magnetic field lines represent the magnetic field BE generated by the external dipole, which becomes 
uniform near the internal dipole. No torque τx is shown because torque cannot be generated around the internal dipole’s magnetization axis XI. (C) Robot control (blue): 
Single-EPM system enabling precise magnetic field manipulation to control the oloid’s motion.
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Closed-loop control of the oloid
In real-world medical settings, magnetic coupling cannot be reliably 
assumed, necessitating device localization. Additionally, manufac-
turing imperfections and environmental factors lead to deviations 
from the model, prompting the development of a differential geometry–
based closed-loop control system for the oloid (detailed in Materials 
and Methods). Here, the oloid’s closed-loop controllability, and, 
therefore, its potential for innovation in medical devices, was evalu-
ated. The OMD was tested on surfaces simulating the internal GI 
tract structures, such as mucus-lubricated curved (colon and esoph-
agus) and flat (stomach) surfaces.

Initial tests on a nonlubricated flat surface established a perfor-
mance baseline (Fig. 6A). Subsequently, more complex conditions 
were introduced, including lubricated (Fig. 6, C and D) and 
curved surfaces (Fig. 6, B and D). On the initial flat surface, a 0° to 
180° step function input demonstrated a full range of motion. For 
lubricated and curved surfaces, a 0° to 90° step function input was 
applied. The results, exhibited in Fig. 6 (see fig. S5 for extended re-
sults) and movie S4, highlight the system’s adaptability and precise 
control across all test conditions. The lubricated surfaces enabled 
the oloid’s ability to decouple roll from translation and generate 
pseudo-on-axis roll effectively.

In vivo rolling and sweeping motions
For a practical in vivo demonstration of the system’s clinical relevance, 
we selected a porcine model because of the similarity of porcine and 
human GI anatomy. The primary goal of the in vivo trials was to 
validate the OME’s ability to perform controlled rolling and sweeping 
motions in realistic conditions of friction and tissue interaction.

Two distinct experiments were designed to support these capa-
bilities: one to observe the OME’s sweeping motion across the top 
half of the lumen of the colon and the other to assess its pure rolling 
motion within a  ±50° range. The results, displayed in Fig. 7 and 
movie S5, include snapshots from a separate standard endoscope 

camera (see fig. S8) capturing the sweeping and rolling motions of 
the OME. The sweeping motion, which combined horizontal trans-
lation and roll motion to produce an arch-like effect, achieved a 
range of ±60°. This combined motion enabled radial scanning by 
the sensor, with rolling adjusting the probe’s orientation and transla-
tion moving the endoscope across the surface.

Preclinical validation—Virtual biopsy 3D reconstruction
The primary motivation of this work was to enable virtual biopsies in 
MFEs to enhance diagnostic capabilities beyond those of standard 
flexible endoscopes. Virtual biopsies allow for detailed tissue analysis, 
such as assessing lesion malignancy and margins, without the need 
for physical biopsies.

The OME is sensor agnostic, but for demonstration purposes, we 
integrated a 32-element, 28-MHz μUS array called the OME-U (see 
the “Ultrasound integration” section). By combining our autonomous 
sweeping algorithm (see the “Autonomous sweeping” section) with 
precise six-DoF localization, the system generated comprehensive μUS 
imaging datasets. These datasets integrated high-quality 2D ultra-
sound images with positional data, allowing for the creation of high-
fidelity 3D reconstructions of target areas. This process is outlined in 
the “3D reconstruction” section.

Preliminary validation was conducted on a benchtop setup with 
a silicone phantom and the OME-U [Fig. 2C(iii)]. The phantom 
included copper bands as echogenic subsurface targets. Signals were 
accurately captured and reconstructed, confirming system precision 
(see figs. S6 and S7 and Supplementary Methods). Further validation 
was conducted in vivo by performing an autonomous sweep over 
healthy tissue followed by a simulated flat polyp in the same region 
of the porcine colon, created by injecting a submucosal lifting agent 
(see Fig. 8A and movie S6).

The 3D reconstructed volumes were visualized dynamically using 
MATLAB (Fig. 8C and movie S6), allowing operators to rotate, trans-
late, and zoom. An isosurface representation feature enabled detailed 

Fig. 4. Comparison of three-DoF orientation control between the OME and the MFE. The figure illustrates the coupling between positive and negative roll, tilt, and 
yaw for the MFE (green) and OME (purple). Radar plots for each DoF display the average absolute deviations in roll, tilt, and yaw (measured in degrees) across three rep-
etitions (fig. S2). Scale bars, 10 mm. See movie S2 for related multimedia.
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inspection of tissue features (Fig. 8D) 
through customizable visibility thresh-
olds (see the “3D reconstruction” sec-
tion). This was particularly effective in 
visualizing the flat polyp structure within 
the 3D volume [Fig. 8D(ii)], showcasing 
the diagnostic potential of the approach. 
Although elements at depth can be ob-
served even in the no-polyp case, these 
features are less intense and inconsistent, 
whereas the polyp case shows a disconti-
nuity in two layers that meet at both 
ends. The accuracy of the 3D reconstruc-
tion was assessed by comparing the recon-
structed volume of the polyp against the 
injected volume, showing a 9.6% overes-
timation (injected volume, 1 ml; recon-
structed volume, 1.106 ml).

DISCUSSION
This work introduces an approach to 
closed-loop roll control in magnetic med-
ical devices, particularly MFEs, using 
an oloid-shaped design. This shape pro-
vides additional dexterity, enabling con-
trolled rolling without additional power 
consumption or actuation modes, ideal 
for endoscopes including untethered cap-
sule endoscopes. A precise closed-loop 
control scheme that integrates MFE local-
ization was developed, addressing sce-
narios where perfect magnetic coupling 
cannot be assumed. Roll control was ef-
fectively demonstrated in benchtop trials 
and subsequently in in vivo trials.

This study has demonstrated the ap-
proach across different scales (OMD, OME, 
and mini OMD) and control sources (single 
EPM and electromagnetic coil system), in 
both tethered and untethered configura-
tions. Although our differential geometry–
based model provides a framework for 
broad clinical applications using any mag-
netic field source with at least five mag-
netic control inputs, comprehensive parametric studies are needed to 
validate utility in other applications. For example, extending this ap-
proach to more dynamic surfaces than the colon will require real-time 
model parameter estimation.

The design and in vivo testing of the OME within the colon dem-
onstrated the capacity of the oloid to be integrated into a device that 
met the specific design requirements for colonoscopy, achieving safe 
rolling motion and an application-specific sweeping motion. Our 
results also demonstrated that the OME could roll, tilt, and yaw with 
greater independence and stability than cylindrical MFEs, which do 
not have active roll control.

Previous work (3) was confined to 2D scans using single-element 
transducers, given that linear arrays were impractical because of the 
absence of roll control. By leveraging roll control, our approach 

enabled robotically controlled, autonomous sweeping to create 3D 
μUS images with deeper anatomical reach than transrectal μUS.  
These virtual biopsies offer potential real-time diagnostic insights 
without requiring physical samples.

The OME’s sensor-agnostic design supports the integration of vari-
ous diagnostic or therapeutic modalities, such as optical coherence to-
mography (33) or therapeutic lasers (34), making it adaptable for future 
applications. In addition, roll control could facilitate precise interven-
tions like submucosal dissection and targeted ultrasound–triggered 
drug delivery (35, 36).

The oloid-based roll control system and autonomous virtual biopsies 
contribute to the expanding autonomy of MFEs, which includes au-
tonomous navigation (37), polyp detection, and shared control phys-
ical biopsy tasks (20). These advancements could allow endoscopists to 

Fig. 5. Open-loop control of the OMD on various surfaces. The oloid’s rolling behavior on (A) silicone, (B) bumpy 
foam, (C) flat foam, and (D) Perspex, compared with the predicted roll from the oloid model. Each snapshot shows the 
EPM position and orientation for reference. Scale bars, 30 mm. See movie S3 for related multimedia.
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focus on critical diagnostic and therapeutic decisions while autonomous 
systems handle routine navigation and tasks (38). This could also re-
duce the training times for endoscopists and potentially allow multiple 
procedures to be supervised simultaneously.

The single-EPM system of the MFE has been validated in human 
trials with patients of normal body mass index (BMI) (19); however, pa-
tients with higher BMI pose challenges because of increased EPM-IPM 
distances, reducing magnetic force and torque. Increasing the EPM size 
to generate stronger magnetic fields can potentially address these limi-
tations. Additionally, the current single-EPM system limits vertical (z 
axis) control, causing the endoscope to remain in constant contact with 
the top half of the lumen of the colon. To extend the sweeping range to 
include the lower half, patient repositioning is required. This design 
approach is consistent with standard clinical practice, where patient 
repositioning is a method for ensuring comprehensive colon ex-
amination (39). However, implementing more complex field genera-
tion systems (1, 14–16) would enable full 360° scanning in scenarios 
where patient repositioning is not possible. Rolling demonstrations 
with the electromagnetic coil system revealed this potential, showing 
successful oloid movement across lower surfaces.

Furthermore, the OME’s enhanced dexterity and diagnostic 
capabilities have the potential to address gender disparities in colo-
noscopies, because standard flexible endoscope procedures tend to be 
more challenging in women, leading to higher rates of incomplete 

procedures and lower adenoma detection rates (40). In conclusion, the 
oloid shape facilitates clinically applicable torque generation around 
the magnetization axis in magnetic medical robots, enhancing the 
dexterity, diagnostic capabilities, and autonomy of MFEs and mag-
netic medical robots overall. This approach sets the stage for more au-
tonomous and efficient medical procedures deep within the anatomy. 
With ongoing clinical validation, such advancements have the poten-
tial to transform minimally invasive diagnostics and treatments, mak-
ing them more accessible and effective for a broader range of patients.

MATERIALS AND METHODS
The oloid model
For the successful control of magnetically manipulated oloid-
shaped devices, a deep understanding of the oloid’s motion was 
crucial. Although previous studies have modeled the behavior of 
the oloid, or “two-circle roller,” on flat surfaces (41–43), our 
work is based on an adaptation of the differential geometry 
framework by Dirnbock et al. (41), where full derivations can be 
found. In this work, the application of the previous model was 
extended to curved and lubricated surfaces for any defining 
oloid radius, r.

We assign a fixed coordinate frame {F} with orthonormal vectors 
I,II,III ∈ ℝ

3 on the plane for the initial position and orientation of 

Fig. 6. Closed-loop control of the OMD with step input on various surfaces. Rolling performance is shown on (A) a flat, nonlubricated surface; (B) a curved, nonlubricated surface; 
(C) a flat, lubricated surface; and (D) a curved, lubricated surface. Snapshots at times t1, t2, and t3 progress from left to right. Scale bars, 30 mm. See movie S4 for related multimedia.

Fig. 7. In vivo sweeping and rolling of the OME. Selected views from the standard endoscope camera and mirrored simulated front views show the motion of the OME’s 
sensor area and camera during (A) sweeping and (B) rolling motions. The black circle with blue and green arrows represents the OME’s onboard camera and its frame, and 
the purple arrow indicates the planned motion of the sensor area. Scale bars, 20 mm. See movie S5 for related multimedia.
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the oloid. As the oloid moves along the plane, its motion can be pa-
rameterized by the arc length u (radian) of the contact point, P1, on 
the edge of one of its circles over the region

If {O} denotes the coordinate frame with orthonormal vectors 
x, y, z ∈ ℝ

3 at the geometric center of the oloid, then the homoge-
neous transformation matrix of {O} with respect to {F} is

where using s = sin(u) and c = cos(u) for brevity

is the translation vector and

is the rotation matrix.
The model assumes that the oloid undergoes pure, no-slip rolling on 

a perfectly horizontal surface. Additionally, its center of mass aligns with 
its geometric center, and its overall rolling direction remains fixed in the 
initial reference frame. These assumptions demonstrate that, whereas 
the pure oloid model captures rolling on flat, high-friction surfaces, 
modifications were required for curved and lubricated environments.

To adapt the model for nonplanar surfaces and to select rolling 
direction, we introduced a rolling surface element, RS ∈ SO(3), and 
a rolling direction element, RD ∈ SO(3), with respect to {F}. RS rotates 

u ∈

(
−
2π

3
, 0
)
∪

(
0,

2π

3

)
(3)

TO
F
=

[
RO
F
tO
F

0 1

]
∈ SE(3) (4)

t
O
F
=
r

√
3

9

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

cs

√
1+2c

2(1+c)
√
2(1+c)

+ sign(u)arccos(u)
c

√
2√

1+c

15+13c−c2

2(1+c)
+ ln

�
2

1+c

�

3
√
3(2+c)

2
√
2(1+c)

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

∈ℝ
3

(5)

R
O

P
=

√
3

9

⎧
⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

(5+c)
√
1+2c√

2(1+c)

(2+c)s
√
1+2c

(1+c)
√
2(1+c)

(5+4c)s

(1+c)
√
2(1+c)

(c−1)s

1+c

5+5c−c2

1+c

−(1+2c)
√
1+2c

1+c

−3s
√
3√

2(1+c)

3c
√
3√

2(1+c)

3
√
3(1+2c)√
2(1+c)

⎫
⎪⎪⎪⎪⎬⎪⎪⎪⎪⎭

∈SO(3)

(6)

Fig. 8. In vivo subsurface 3D reconstruction of micro-ultrasound images for achieving virtual biopsies with the OME. (A) Endoscopic view showing stages 1 to 3 of 
polyp creation. (B) 2D ultrasound images: (i) without polyp and (ii) with polyp. (C) 3D reconstruction of the ultrasound scans: (i) without polyp and (ii) with polyp, with the 
red square indicating the position of the 2D images [B(i) and B(ii)] within the 3D scan. (D) 3D isosurface rendering highlights extracted features of interest: (i) without 
polyp and (ii) with polyp. See movie S6 for related multimedia.
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the model in II to account for changes in the angle of the surface 
normal as the oloid rolls on nonplanar surfaces and RD adjusts for 
the desired rolling direction in III.

For curved cylindrical surfaces, adjustments were calculated on 
the basis of the surface’s approximate radius, rc (meters). The trans-
lation in I (Fig. 2B) of the oloid’s center of mass, s(u) ∈ ℝ

3, was used 
in the arc length equation to derive the angle of the surface normal, 
θ(u), relative to the horizontal, as a function of u.

θ(u) was then used to define Rs for every u.
This adjustment was only necessary on nonlubricated surfaces 

because lubricated surfaces characterized by stick-slip motion (44) 
remove the pure no-slip constraint, decoupling translation from ro-
tation. For lubricated surfaces, the control system used the unaltered 
rotation matrix for orientation and original control for x and y trans-
lation. In open loop, the full unaltered transformation matrix as-
sumed the no-slip condition. For closed loop, this condition was 
assumed only in nonlubricated cases, with adjustments applied for 
curved surfaces using premeasured parameters (rc). In both lubri-
cated cases, the system used the unaltered rotation matrix exclusive-
ly, omitting translation to maintain a central position and demonstrate 
pseudo–on-axis roll. The MATLAB scripts for this model have been 
made available in our accompanying data repository.

Roll closed-loop control
To control the rolling motion of the OMD in a closed-loop system, 
we leveraged the closure and inverse property of the �0 group to 
denote the rotation matrix error as follows

where S(�) ∈ ��(3) is the Lie algebra of E (a skew-symmetric ma-
trix). Here, �̂ = �

∥ �∥
∈ ℝ

3 is the axis of rotation error, and ∥�∥ is the 
magnitude of the rotation error in radians. Taking the time deriva-
tive of the error, we obtained

From this, we denote the input angular velocity as

where K1 ∈ ℝ
3×3 is a positive-definite gain matrix. This formulation 

ensured that errors decay exponentially over time

where ε0 is the initial error at t = 0. The setup guaranteed that the 
error decays exponentially

At ε = 0, we have eS(0) = I, meaning that R = Rd, which aligns the 
desired and actual orientations. Last, the torque variation is set pro-
portional to velocity. For ωd = 0, the equation simplifies to

This desired torque variation served as the control input for the 
magnetic field system, enabling precise roll control as detailed in the 

“Magnetic actuation of the endoscope” section of Materials and 
Methods. Through magnetic interactions and the mechanics of the 
oloid, the device’s pose was adjusted, with continuous pose mea-
surement via the IPM’s localization system, completing the feedback 
loop. As illustrated in Fig. 3, the roll control stage calculated the 
necessary torque adjustments. This information was fed into the 
magnetic field control, where a simple proportional controller man-
aged orientation control. To enhance operational efficiency, a pre-
defined lookup table of the oloid’s differential geometry model 
was used to eliminate the need to recompute transformation matri-
ces at each step.

Robotic system design
The system (Fig. 2A) consisted of an EPM (cylindrical, axially mag-
netized, 101.6 mm in diameter and length, NdFeB, N52 grade, K&J 
Magnetics) positioned at the end effector of a medical-grade, seven-DoF 
serial robotic manipulator (LBR Med R820, KUKA) that was used to 
steer a tethered magnetic device with an embedded IPM. Actuation 
was achieved by applying magnetic forces and torques to the IPM to 
modify its position and orientation by adjusting the pose of the 
EPM. Surrounding the IPM was a flexible circuit containing Hall 
effect sensors and an inertial measurement unit (IMU) for IPM lo-
calization. The data from the Hall effect and IMU sensors of the 
IPM, influenced by its current pose within the EPM’s magnetic field, 
along with an additional nonactuating field generated by an electro-
magnetic coil surrounding the EPM, enabled real-time estimation 
of the magnetic device’s pose at a frequency of 100 Hz (44). This 
feedback was crucial for implementing closed-loop control and au-
tomated tasks.

The user interface included a joystick to navigate the GI tract with 
the OME on the basis of visual feedback from the embedded camera 
(Fig. 1B). Diagnostic images were captured with the μUS array using 
a research array controller (Vantage HF 128, Verasonics) and post-
processed using MATLAB (MathWorks Inc.). The components were 
interfaced with Robot Operating System (ROS) owing to the modu-
larity and straightforward multithreading capabilities of ROS.

Three magnetic devices were developed for this paper. The first 
was an OMD [Fig. 2C(i)], used to validate a differential geometry–
based closed loop control model for the oloid shape. The second was 
an OME [Fig. 2C(ii)], used to demonstrate the clinical applicability 
of this approach. The third was an adapted version of the OME, 
which included a μUS array (OME-U) [Fig. 2C(iii)]. A design-
specific localization calibration process (see Supplementary Meth-
ods) was implemented to mitigate the effect of any manufacturing 
imperfections in each of these designs.

Magnetic actuation of the endoscope
The control of the endoscope pose was split into two separate sub-
systems: one dedicated to the orientation control and another one 
dedicated to the position control. Because of the inherent nonlin-
earities of the field BE, the global relation between EPM motions 
and torques/forces is nonlinear. Given the local nature of the move-
ments and the low velocity of the robot and the endoscope, the con-
trol approach adopted was linearized. The validity of the models and 
control action was therefore only local; commanded movements 
must be small, and the boundary conditions needed to be computed 
at every time step.

Orientation control was achieved locally by converting the de-
sired torque variation (δτ) into the desired motion of the EPM. In 

�(u) = s (u)∕rc (7)

E = RdR
T = eS(�) ∈ SO(3) (8)

Ė = S(�̇)E, �̇ = �d −� (9)

� ≜ �d + K1� (10)

�̇ = − K1�→ �(t) = e−K1�t�0 (11)

lim�

t→∞
(t) = 0 (12)

δ� = K2� = K2K1
⏟⏟⏟

K

�

(13)
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the case of roll control, δτ was an output of the roll control stage. For 
tilt and yaw, δτ was simply the desired change in τy and τz, respec-
tively. Using the magnetic dipole model and Maxwell’s force/torque 
equations (see Supplementary Discussion), we defined a magnetic 
Jacobian that relates the positions and orientations of the IPM and 
EPM to the forces and torques applied to the IPM, assuming a con-
stant pose of the IPM

where pE and p
I
∈ ℝ

3 are the positions of the EPM and IPM (Fig. 3), 
m̂E and m̂I ∈ ℝ

3 are their orientations, and δFlin and δ�lin ∈ ℝ
3 rep-

resent the variation of Fm and �m ∈ ℝ
3 with respect to a local con-

figuration change.
By inverting the Jacobian (using a damped least-squares ap-

proach), we compute δpE and δm̂E, favoring rotation for torque con-
trol to maintain the EPM’s position directly above the IPM. Further 
details on force/torque control, including how the dipole-dipole 
model was used to determine the motion of the EPM and the robot 
joints necessary to control the IPM, as well as the real-time six-DoF 
localization system, were presented in previous work (3).

Oloid shape integration
Whereas the pure oloid provides a theoretical maximum range of 
360° rotation and roll stability, incorporating essential magnetic en-
doscopic components—such as a camera; light-emitting diode; IPM 
with localization; and tubes for insufflation, irrigation, and camera 
cleaning—requires enlarging the device beyond a clinically practical 
size. Conversely, cylindrical designs accommodate these compo-
nents but offer no controlled rolling motion. Embedding the oloid 
within a cylindrical form retains essential rolling capabilities while 
maintaining a practical device size, achieving a balanced hybrid de-
sign suitable for clinical applications.

These generator lines that develop the oloid’s surface determine 
its interaction with surfaces, allowing for a smooth rolling motion as 
each line sequentially contacts the surface. The extent of these lines 
on a device determines its range of motion. In a single-EPM system 
like the MFE, the endoscope is primarily attracted to the upper sur-
face of the environment, specifically the top half of the lumen of the 
colon. Thus, only the upper surface of the endoscope required func-
tionalization, incorporating two of the four quadrants of the oloid 
shape. To maintain pure tilt control from a neutral position, a flat 
chamfer was added to the top edge of the oloid shape.

The OME was manufactured using a 3D-printed resin shell 
(Form 3+, Formlabs). The resulting OME, shown in Fig. 2C(ii), has 
compact dimensions of 20 mm by 20 mm by 35 mm in line with the 
previous MFE design.

Ultrasound integration
The μUS probe incorporated into the OME was a commercially 
supplied 28-MHz, 128-element linear array (L28SXTech, VERMON SA) 
that was adapted for the application. Microcoaxial cables (42 AWG, 
Alpha Wire) were directly soldered to the flexible printed circuit 
board (PCB) pads corresponding to the array elements, with an ad-
ditional cable for the PCB’s ground connection. The microcoaxial 
cables from the array were terminated with LEMO connectors and 
connected to the Verasonics controller for US transmission and 
data acquisition.

Modifications were made to the OME design to accommodate 
the μUS probe, resulting in the OME-U [Fig. 2C(iii)], comprising a 
detachable section incorporating the sensor. This design choice was 
driven by sustainability considerations to facilitate the testing and 
reuse of various sensors, whereas the main endoscope could be dis-
carded because its lumens are difficult to clean. This also ensures 
that the endoscope remains adaptable and versatile for different 
medical applications.

The array was driven using a synthetic aperture protocol (45) 
modified to use five transmitting (Tx) elements in parallel and all 
receive elements for each acquisition to maintain electrical power 
levels within reasonable bounds while improving the signal-to-
noise ratio compared with the conventional US B-mode imaging 
protocol that uses only one Tx element per acquisition (46). The 
magnitude of the Tx signal was set to 20 Vpeak, and the frame rate of 
the imaging system was ~9 Hz, compatible with the speed of motion 
of the OME-U. The real-time generated B-scans or 2D μUS images 
were transmitted over ROS and postprocessed using logarithmic 
time gain compensation (TGC) for improved contrast.

In vivo trials for roll and sweep
The trials were conducted on a 39-kg pig under general anesthesia 
at the Large Animal Experimental Facility, University of Leeds. 
These trials were carried out under project license PC71ADE55, 
approved by the University of Leeds (establishment license num-
ber XDE639D76) in compliance with the Home Office (UK) legis-
lation, the Animal (Scientific Procedures) Act 1986, and NC3Rs 
guidelines. This report adheres to the Animal Research: Reporting 
of In Vivo Experiments guidelines.

After cleaning the colon through multiple rounds of enema, the 
OME was inserted through the rectum into the colon and advanced 
to about 20 cm beyond the rectum. This distance provided a long, 
straight region of the bowel for experimentation. The OME was fol-
lowed with a standard endoscope (Olympus PCF-160AL) to render 
rear visualization of the OME and surrounding tissue. The ancillary 
elements of the OME were used for distension of the colon and ir-
rigation when necessary.

The main objectives of these trials were to demonstrate that the 
OME can be successfully manipulated in the roll direction in vivo 
and that it can perform clinically applicable motions for contact-
based sensing. Two experiments were designed to provide proof. 
The first consisted of a sweeping motion across the upper half of the 
colon surface, and the second involved a pure rolling motion within 
a ±50° roll. Each experiment was repeated five times. After the ex-
periments were completed, the OME was removed by pulling it 
from its soft tether. Then, the standard endoscope was used to scan 
the colon surface to assess damage, with no evidence observed.

Contact detection
To enable autonomous sweeping, a contact detection algorithm (see 
Supplementary Methods) was developed to assess the quality of 
contact between the μUS array and the tissue. This evaluation was 
crucial for the control loop that ensured continuous imaging by 
compensating for any loss of contact during sweeping.

For precise contact detection, μUS images underwent initial 
cropping to isolate a specific zone of interest. This zone typically en-
compassed the region from 0 to 7% of the image depth, where differ-
ences indicative of contact versus no contact were most discernible. 
These differences were particularly noticeable because of an increase 
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in high-intensity reverberations near the array’s surface when the 
device was not in contact with the tissue, a phenomenon caused by 
the large difference in acoustic impedance between the array mate-
rial and air.

By extracting the maximum value from each column in the μUS 
image, corresponding to one of the 32 μUS array elements, and ap-
plying binary thresholding, the system computed an average contact 
value ranging from 0 (“decoupled”) to 1 (“coupled”). The algorithm 
represented the detected coupling quality through a color-coded bar 
overlaid on the μUS image (fig. S7). This bar offered immediate 
feedback by transitioning from green, indicating good coupling, to 
red, indicating poor coupling, thus visually conveying the level of 
contact to the operator.

Given the variation in contact quality across different testing sur-
faces, such as silicone phantoms and in vivo mucosal tissue, calibra-
tion was necessary to determine the exact zone of interest and the 
appropriate threshold levels for the contact value. This calibration 
process involved performing a sequence of five coupling-decoupling 
repetitions to establish these critical parameters. Adjustments were 
based both on the observed differences in the μUS images and the 
contact value output.

Autonomous sweeping
The autonomous sweeping algorithm consisted of three stages: ini-
tialization, contact recovery, and execution of a preplanned sweep-
ing motion. Initialization set the correct frame of reference (RD) for 
the sweep motion, accommodating the variable orientation of 
the colon in vivo, which cannot be predetermined without supple-
mentary imaging such as computed tomography scans. Using the 
localization system and white light imaging (WLI), the operator 
positioned the OME-U centrally within the lumen before begin-
ning the sweep, thereby establishing an initial reference frame rela-
tive to the global frame.

Once initialized, the algorithm checked the contact quality be-
tween the array and the tissue. If the contact was insufficient, then 
the algorithm entered a contact recovery mode, applying magnetic 
torque about the tilt axis to improve proximity to the GI wall. Once 
adequate contact was achieved, the OME-U proceeded with the pre-
planned sweeping motion, which involved a combination of hori-
zontal translation and roll. This motion continued as long as contact 
remained adequate; if not, the algorithm reverted to contact recov-
ery mode. This autonomous strategy, leveraging the oloid shape, 
WLI, robotic adjustments, and the μUS array feedback, enabled 
consistent, high-quality imaging of the colon wall. Benchtop valida-
tion of the autonomous sweeping is detailed in figs. S6 and S7 and in 
Supplementary Methods.

3D reconstruction
Using the 2D μUS images acquired from the autonomous sweep of 
the porcine colon with the OME-U, a 3D visualization of the scanned 
colon section was created. A custom MATLAB script was developed 
to extract robot positional information corresponding to each im-
age in the dataset, ensuring precise spatial alignment during recon-
struction. This process entailed iterating through all the images, 
reading each image in turn from the specified directory, and adjust-
ing its position on the basis of the corresponding robot position. An 
interpolation was then used to fill the gaps in the 3D projection of 
the image stack. Detailed steps are provided in fig. S9 and Supple-
mentary Methods.

By adjusting thresholds, specific pixel intensities were targeted to 
generate an isosurface, which is a 3D surface representation of 
points with equal values (isovalue) in a 3D intensity volume. The 
isovalue could be easily adjusted by the user to suit different sce-
narios and enhance visualization. For the results illustrated in Fig. 8, 
using the same isovalue in both cases greatly emphasized the depic-
tion of the polyp in Fig. 8D.

An analysis was conducted to assess the accuracy and reliability 
of the reconstructed tissue volume (see fig. S10 and Supplementary 
Methods). Metrics such as spatial fidelity and volumetric accuracy 
were evaluated to quantify the performance of the reconstructed polyp. 
Spatial fidelity was established during the benchtop phantom trial, 
where all measurements were controlled. The OME-U was fixed to a 
motor and rotated at a constant speed while maintaining constant 
contact with the silicon phantom. Ensuring a constant speed allowed 
for a reconstruction where the voxels have the same size, validating 
the algorithm’s ability to reconstruct volumes and assess its precision 
by comparing the obtained dimensions of known high-echogenicity 
elements included in the phantom. These experiments determined 
the accuracy of the spatial reconstruction across different trials.

The spatial resolution of the 3D scan reconstruction depended 
on the image resolution along the x and y axes, and the accuracy of 
localization along the z axis, as shown in Fig. 8, which was influ-
enced by the differences between successive OME-U pose values. 
Volumetric accuracy was assessed by reconstructing the inner vol-
ume of the polyp after characteristic feature extraction and compar-
ing it with the volume of the solution injected to create the polyp. 
Once the features were extracted from the reconstructed volume, it 
became possible to save them and process this information in the 
form of a 3D object. From this, the contents could be extracted by 
subtraction to determine the volume contained in the polyp, which 
was then compared with the actual volume.

Supplementary Materials
The PDF file includes:
Supplementary Discussion
Table S1
Supplementary Methods
Figs. S1 to S11
Legends for movies S1 to S6
Legends for data files S1 to S8

Other Supplementary Material for this manuscript includes the following:
Movies S1 to S6
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