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1 | General introduction

1.1 Intro
Robots are on the rise, but not in the typical sci-fi sense. Next to being essential
figures in movies, robots play an ever more important role in our daily lives.
Early predictions stated that robotics would mainly be applied in industrial
applications, whereas applications outside factories would only make up to 1 % of
global sales [1]. However, these were quite wrong: service robotics — robots or
equipment with a degree of autonomy that perform practical tasks for humans,
excluding industrial automation applications — make up around 10 % of the
annual global robotics turnover in 2020 [2, 3]. An increasing number of people
own a service robot such as an automatic vacuum cleaner or a lawnmower.
A glance through the ’Robots at work’ section of the Handbook of Robotics
[1] teaches us that the list of possible applications is extensive, ranging from
industrial and space applications to the entertainment industry. Table 1.1
provides an overview of application areas.

This increase in interest is similar in the medical world; the sales in this area
accounted for 47 % of the professional service robot turnover in 2019 [3]. Medical
or interventional robots can be defined as surgical tools that (semi-)autonomously
aid the surgeon in (minimally-)invasive medical procedures. Often, medical
practitioners take a critical stance towards introducing interventional robotics.
They may feel that they will get ‘replaced’ since traditionally, robots are applied
in areas where they can take over specific repetitive tasks from a human, such
as vacuum cleaning or harvesting fruit. However, just like in other application
areas, medical robots should provide significant advantages to be accepted and
widely deployed. For interventional robots, these advantages are often achieved
by synergistic cooperation between the human and the robotic device. Table 1.2
shows an overview of several of the strengths and weaknesses of both humans
and robots.

From Table 1.2, it is clear that the strong suit of humans is their flexibility,
their ability to act upon unexpected or new information sources, and their
versatility. In contrast, robots have superior end-effectors for a specific task, are
geometrically accurate, more stable and able to process large amounts of data.
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Teleoperated robots are very suitable for achieving synergy since the robot’s
motions are instructed by the surgeon, who is responsible for decision-making and
able to adapt to unforeseen situations. The surgeon’s movements appear scaled
and filtered at the robotic end-effector, and thus increased precision is achieved.
Additionally, this approach may improve safety since invisible boundaries where
the tool will not go can be created, and online support for the procedure may
be supplied. The best-known and maybe even the most successful robot to date
is a teleoperated robot: the Da Vinci surgical system [17].

Next to teleoperated robots, robots with various degrees of autonomy have
been introduced, which can be categorized according to multiple schemes [18–20].
On the one side, there are ‘passive’ robots without autonomy that passively assist
the surgeon by holding a tool or constraining the surgeon’s movements. Passive
robots were mainly introduced in light of safety considerations in the medical
environment. An example is a passive robotic arm that dynamically implements
constraints to prevent the surgeon from moving away from the pre-planned
trajectory [21]. On the other side, there are robots that autonomously perform

Table 1.1: Fields in which robotics are being applied along with concrete examples.

Application Example Cit.

Industrial Robotic car assemblage at the Tesla gigafactory [4]

Space Robots such as the Mars Rover for space exploration [5]

Agriculture and
forestry

The SWEEPER sweet pepper harvester [6]

Construction Bots2Rec, a system proposed for robotic asbestos removal [7]

Hazardous
applications

Gamma-ray imaging after the Fukushima Daiichi disaster [8]

Mining UNEXMIN was a European project focused on the
exploration of flooded mines for their mineral potential

[9]

Disaster The SHERPA project was a project for robot-assisted alpine
rescue operations

[10]

Surveillance and
security

The cannachopper; A helicopter used experimentally by the
Dutch police to find marijuana nurseries

[11]

Intelligent vehicles The self-driving cars of Waymo, formerly known as the
Google self-driving car program

[12]

Domestic Automatic vacuum cleaners, such as the Roomba of IRobot [13]

Rehabilitation and
health care

Exoskeletons which support older people during walking [14]

Medical robotics The Da Vinci surgical system for minimally invasive surgery [15]

Entertainment
industry

Robotic stunt doubles in movies [16]
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a certain task in a procedure. An example of such a robot is the one drilling an
access hole for a cochlear implant [22].

Medical robotics has now successfully been integrated into a range of med-
ical procedures. These include, among others, various endoscopic procedures,
orthopedics, radiotherapy, neurosurgical interventions and biopsies [20, 23, 24].
However, the introduction of robots to the medical world is just starting, and con-
tinuous technological advancements will lead to the integration of interventional
robots in even more areas [20]. This thesis looks into applying medical robotics
to breast cancer screening and diagnosis. To understand why this application is
clinically relevant, first some background information regarding breast cancer,
the current diagnostic workup, and its treatment is provided. After that, an
analysis is given of the probable beneficial role of robotics in this process. This
chapter finalizes with the research question and the thesis outline.

1.2 Breast cancer

Breast cancer affects about one in eight women worldwide. In women, it is
the most common cancer, and it is the leading cause of cancer death in many
countries [26]. This means breast cancer is a considerable burden for public health
care, the economy, and not in the last place: the affected women themselves.

Table 1.2: Strengths and limitations of both humans and robots [25].

Entity Strengths Limitations

Human • Excellent hand-eye coordination
• Excellent dexterity
• Able to integrate and act on multiple

information sources
• Easily trained for multiple tasks
• Versatile and able to improvise

• Tremor limits fine motion
• Limited manipulation ability and

dexterity outside natural scale
• Cannot see through tissue
• Bulky end-effectors (hands)
• Hard to keep sterile
• Affected by radiation and airborne

infections

Robot • Untiring and stable
• Immune to radiation and airborne

infections
• Can be designed to operate at

different scales of motion and payload
• Able to integrate multiple sources of

numerical and sensor data
• Ruling out ’human errors’

• Poor judgment
• Hard to adapt to new situations
• Limited dexterity
• Limited hand-eye coordination
• Limited haptic sensing
• Limited ability to integrate and

interpret complex information
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Figure 1.1: Anatomy of the human breast. Arrows indicate the various tissue types.

1.2.1 Pathology
Figure 1.1 gives an overview of the female breast’s anatomy. The breast lays on
top of the pectoralis muscles. All structures in the breast which are not fatty
tissue are denominated fibroglandular tissue. The ratio between fibroglandular
and fatty tissue varies per individual and with age. A dense breast contains a
relatively high amount of fibroglandular tissue.

Cancer often forms in the ducts or the lobes. Carcinogenesis mostly takes
place in the epithelial cells, which line the outer surface of the tissue. The
cancer stage progresses to an in situ carcinoma after abnormal proliferation
started. An in situ carcinoma has not yet spread beyond the location where it
first formed and is also regarded as non-invasive cancer. This type of cancer is
considered a precursor for invasive carcinomas, where cancer has spread beyond
the layer of tissue in which it originally developed. Non-invasive tumors in the
ducts or lobes are referred to as ductal carcinoma in-situ (DCIS) or lobular
neoplasms, respectively. If cancer has progressed to the invasive stage, tumors
will become an invasive ductal carcinoma (IDC) or an invasive lobular carcinoma
(ILC). However, for most invasive tumor types, the term invasive carcinoma of
no special type (NST) is utilized because the origin of the cancer is unproven.
There are many more types of non-invasive and invasive cancers, of which an
overview can be found in for instance [27].

Some women have a higher chance of developing cancer than others. Non-
hereditary factors play a significant role in breast cancer incidence [28]. However,
also genetic predispositions such as the breast cancer (BRCA)1 and BRCA2
gene mutation and having relatively dense breasts put women at increased risk
[29].
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1.2.2 Treatment
There are three crucial steps in treating breast cancer: detection, diagnosis, and
treatment.

Detection

Breast cancer is detected through self-examination, screening programs or inci-
dental findings. Since the survival rate of breast cancer is highly dependent on
early detection of the disease, many countries have screening programs in place
which routinely image asymptomatic women to assess whether cancer is present
[30]. Many imaging techniques are available for screening, the most common
ones being mammography, ultrasound and magnetic resonance imaging (MRI).

Mammography — an x-ray of the breast — is the standard for screening and
detecting breast cancer. It has been extensively studied and is proven to reduce
the mortality rate. However, it has limitations in selectivity and sensitivity: no
distinction can be made between solid and cystic masses, its sensitivity is reduced
in dense breasts, and it misses approximately 10–15 % of cancers [29, 31].

In contrast to mammography, ultrasound is a cross-sectional technique, which
displays the tissue without overlap. Therefore, supplementing mammography
with ultrasound can significantly increase the sensitivity of the screening process,
especially for dense-breasted women. However, detecting non-palpable masses
with a hand-held imaging device is highly operator-dependent and can take much
time. Utilizing an automated breast ultrasound device can partly overcome these
disadvantages [32].

MRI is considered the most sensitive imaging modality for the early detection
of breast cancer [29, 33]. The utilization of MRI is mainly considered for high-risk
patients because its usage is very costly. High-risk patients, for example, women
with a proven gene mutation or a family history of breast cancer, benefit the most
because the tumor generally develops faster. Also, this group demonstrates a
higher rate of interval cancers with the annual mammography screening alone [34].

Diagnosis

Follow-up diagnostic research can confirm the nature of an abnormality. Although
steps are made in the diagnostic accuracy of breast imaging, breast cancer
diagnosis is often supplemented by histopathological assessment of tissue acquired
through biopsy [35, 36]. A biopsy is a process in which a sample is taken from
the lesion to confirm malignancy via histopathological analysis. During an image-
guided percutaneous biopsy, a specialized needle is directed to the suspicious
site under local anesthesia. Three types of needles are utilized: core, vacuum-
assisted, and fine needles — the latter is increasingly replaced by the former
two alternatives. Commonly used imaging modalities to guide the procedure are
mammography, ultrasound and MRI [37].
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Figure 1.2: An impression of the ultrasound-guided biopsy. The left hand carries a core needle
biopsy device, the right one holds the ultrasound probe.

Mammographic guidance is utilized for lesions detected on mammography
that are not visible on ultrasound. The lesion position is often estimated via
stereotaxis, where two oblique projections are combined to estimate the lesion
position. Hence, this type of biopsy is termed a stereotactic biopsy. Stereotactic
biopsies make up a significant portion of the biopsies performed in some hospitals
[38]. The traditional stereotactic biopsy takes around 30 min but the duration
has been improved to 10–15 min with the introduction of tomosynthesis. This
type of biopsy is mostly performed with a vacuum-assisted needle aimed by a
dedicated device attached to the chair or table with the patient [37].

The ultrasound-guided biopsy is the most popular technique because of its real-
time guidance, relatively good patient comfort, wide availability, short learning
curve, and cost and time effectiveness (5–15 min) [37, 39]. The radiologist
performs the ultrasound-guided biopsy by navigating the biopsy device with one
hand and holding the ultrasound probe in the other. This approach is also termed
the freehand technique and is depicted in Figure 1.2. This technique often uses a
core needle, and radiologists can accurately perform biopsies on lesions down to
10 mm with a 16–18 G needle diameter [40]. Several studies state that at least five
tissue samples should be taken for a reliable result [41]. An ultrasound-guided
biopsy can be performed on both lesions detected by mammography or MRI.
However, the success rate of MRI-directed ultrasound-guided biopsies is limited,
and they are not advised for lesions <10 mm [42, 43]. The success rate is directly
related to the visibility of the lesion on the ultrasound image, and the lesion may
not be visible for several reasons: the woman’s position is different during an
ultrasound-guided biopsy (supine or supine oblique) compared to the initial MRI
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imaging (prone). The lesion’s position and shape may change during repositioning.
Additionally, the difference in image types — a cross-sectional image versus
a three-dimensional image — and the difference in imaging techniques make
finding the lesion difficult [44, 45]. As a result, the procedure is time-consuming,
operator-dependent and post-procedural imaging to confirm accurate sampling
is preferred [42].

Although ultrasound-guided biopsies are preferred, approximately 43 % of
magnetic resonance (MR)-detected lesions are referred for an MRI-guided biopsy
[45]. The lesion position is more readily identified since it was previously
identified, and the patient’s position is more similar to the initial breast MRI.
During an MRI-guided biopsy, the breast is compressed between two plates, one
fixed near the patient’s sternum, the other mobile. The mobile plate contains a
raster through which a plastic introducer sheath and the vacuum-assisted biopsy
needle are navigated to the lesion. The first step is to scan the breast to identify
the lesion. Then, software calculates the correct raster coordinates, after which
the plastic sheath is inserted, and an MR sequence is performed to confirm
proper placement. Then, the biopsy needle is introduced and the biopsy is taken.
Also, a clip was deployed, which is used to verify correct sampling via a final MR
sequence. Lesions with a 5–6 mm diameter are targeted accurately [46]. This
type of biopsy has multiple disadvantages: it is more complex because there are
more steps involved; there is no real-time feedback; there are time constraints
due to the transient nature of the contrast enhancement; the space in the MRI
is restricted, and no metallic objects are allowed; lesions located far anterior
or far posterior are challenging to reach because of the one-sided access to the
breast and limited freedom to configure the needle; the procedure is more painful
since a larger diameter needle is utilized than during an ultrasound-guided
biopsy, and very costly due to the various steps and time (sometimes exceeding
30 min) involved [37]. Consequently, the procedure is also less comfortable for
the patient [45].

Treatment

The treatment options for breast cancer vary from local treatment by tumor
eradication or resection with radiotherapy or surgery to systemic therapy with
endocrine or chemotherapy. With breast-conserving surgery, only the part of
the breast that has cancer is removed. A comprehensive overview of treatment
strategies is given in [47]. The histological assessment performed on the tissue
sample captured by the biopsy procedure forms the basis for composing the
treatment plan [48]. Thus, a reliable outcome of the biopsy procedure is of
paramount importance: missed malignancies can result in mistreatment.



1
8

1.3 Related research

The biopsy procedure is an essential phase in the diagnostic workup of breast
cancer: incorrect needle placement may have far-reaching consequences since a
false-negative would lead to delayed diagnosis and cancer treatment [49]. This
thesis primarily focuses on ultrasound-guided and MRI-guided biopsies on MR-
detected lesions. The previous section shows that the outcome and procedure
of biopsies on MR-detected lesions could benefit from improved localization of
the lesion and accuracy of the needle placement. The coming sections discuss
recent advancements in the area of lesion localization and lesion targeting and
the potential role of robotics herein.

1.3.1 Lesion localization

Currently, the MR-detected lesion is preferably sampled with an ultrasound-
guided biopsy [45]. Therefore, much research is focused on supporting the
spatial cognition of the radiologist. Spatial cognition is the ability to find
the corresponding location of the lesion with the ultrasound probe based on
previously acquired MRI data and is an influential factor in minimally invasive
surgery [50]. The high deformity of the breast further complexifies adequate
localization.

Volumetric breast ultrasound

One way to improve localization is to go from regular 2D ultrasound images
to volumetric breast ultrasound scanning. Several studies show that lesions
previously detected on MRI are more readily identified on volume ultrasound
acquisitions of the breast [51–53]. The increased number of features with which
the acquired data can be (mentally) registered with the MRI data helps the radi-
ologist to find the lesion. Another advantage is that the number of MRI-guided
biopsies is lower utilizing this technique [54]. However, the currently applied
volumetric ultrasound acquisition methods merely play a role in deciding whether
to proceed with an ultrasound-guided or an MRI-guided biopsy. Also, even
though the imaging technology continuously improves, like with the introduction
of ultrasound tomography, most commercially available volumetric ultrasound
scanners suffer various limitations [55]. Examples of limitations include tissue
deformation due to compression or buoyancy; limited flexibility, e.g., not being
suitable for all breast sizes; limited field of view, resulting in gaps in the volume
and the inability to evaluate axillary lymph nodes [56, 57]. Furthermore, they
lack supplementary technologies such as Doppler and elastography [57].



1
INTRODUCTION 9

MRI/ultrasound fusion

Another available technology supporting the radiologist with the localization
is MRI/ultrasound fusion — also termed co-registration or real-time virtual
sonography. In this technology, the current ultrasound image contains a real-
time overlay of the MRI data. Most systems use an electromagnetic tracker to
measure the current pose of the ultrasound probe with respect to the patient.
This technology improves the chance of sonographic-MRI correlation, and an
additional advantage is that these lesions also qualify for an ultrasound-guided
biopsy [58–62]. Since the biopsy is performed in supine position, an additional
supine MRI scan is necessary to achieve accurate registration. This second scan is
a significant disadvantage: it has lower image quality than the original prone MRI,
is time-consuming and requires an additional contrast agent administration [63].
Even though the extra scan improves the registration, the manual registration
procedure of the MR images with the ultrasound images is not that accurate,
around 5 mm [64].

Novel alternatives

Novel alternatives include an automated cone-based volumetric ultrasound scan-
ner that performs a high-resolution volumetric scan of the breast that is registered
with preoperative MRI [65]. It overcomes some of the shortcomings of other
systems, such as shadowed regions and missed sections of the breast due to
the probe’s orientation. A disadvantage of this system is the necessity of an
MRI with the breast submerged in water to compensate for deformations due
to buoyancy. Furthermore, photoacoustics is a promising diagnostic tool that
measures ultrasound waves generated by thermoelastic expansion of the tissue
caused by the absorption of a laser beam. It can measure functional parameters
such as hemoglobin and oxygen concentration, and thus, the specificity may be
enhanced compared to traditional imaging modalities [66].

Robotic ultrasound acquisitions

Robotic ultrasound acquisitions have the potential to excel in the areas where
the other solutions fall short; accuracy of the registration of ultrasound with
MRI, the flexibility of the scanner, field of view, deformations occurring during
the scan and acquisition quality may all be improved.

Firstly, registration of the preoperative MRI with the ultrasound acquisitions
is more readily performed since the robot may be equipped with a depth camera
or stereo cameras to localize the patient based on surface scans or marker
registration [67, 68].

Utilizing the same approach, also the scanner’s flexibility may be improved;
if a precise reconstruction of the skin surface is available, the robot can use
this to generate a patient-specific trajectory. Additionally, the dexterity of a
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robotic manipulator allows for a greater variety of poses of the ultrasound probe,
enabling the robot to scan a more extensive range of breast sizes and shapes,
even including the axillary lymph nodes.

Also, deformations occurring during a scan are minimized by patient-specific
trajectories since the probe follows the original surface and does not take a
one-size-fits-all approach. Furthermore, sensory information can be used in a
feedback loop to continuously update the preoperatively planned trajectory. This
loop compensates for imperfections of the trajectory and involuntary patient
movements. Previous research used both force and ultrasound image feedback.
Force feedback was used to achieve acoustic coupling and to change the probe’s
pose and may be accomplished by direct measurement of a force sensor attached
between the probe and the robot flange or by deriving the force from the torques
measured by the joint sensors [69–74]. Also, a variety of image features has
been used to achieve both pose corrections of the probe and acoustic coupling.
These include image intensity, image similarity, feature tracking, image moments,
speckle tracking and confidence maps [69, 73, 75–79]. Some methods are more
suitable to track a target, whereas others are also relevant for volume acquisitions.

Finally, the quality of ultrasound acquisitions can be improved because the
robotic manipulator can produce evenly spaced slices due to precise joint sensors
and coordinated motions. Additionally, the robot could use the 2D images of a
standard ultrasound probe to build up the 3D volume. This type of probe is
widely available and produces high-quality images. Due to the range of precise
feedback mechanisms, robotic ultrasound scans are more reproducible than scans
performed by a radiologist [80].

Next to these improvements, using a regular ultrasound probe opens up new
possibilities, such as performing elastography and utilizing the same probe for
the biopsy.

1.3.2 Needle placement

The previous section presents research on supporting the radiologist’s spatial
cognition. While support on this aspect does improve the rate of ultrasound-
guided biopsies on MR-detected lesions, the accuracy of the needle placement is
still limited by the hand-eye coordination of the radiologist. Increased accuracy
can decrease the number of false negatives, the minimal lesion size that is reliably
sampled, the number of required samples, and the needle diameter. Also, the
latter two are associated with reduced patient comfort and an increased risk of
neoplastic seeding, which is tumor formation originating from displaced tumor
cells during the procedure [81, 82]. The following presents both unactuated and
robotic solutions aimed to improve the accuracy of needle placement.
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Unactuated solutions

There are unactuated needle guides for ultrasound-guided, MRI-guided and
stereotactic biopsies. These needle guides support the radiologist by limiting
the needle motion to the insertion direction. The guide is locked in place to
maintain the correct needle trajectory, and the radiologist controls the needle
depth utilizing markings on the needle shaft. Software helps find the needle
guide’s correct configuration and the desired needle depth [83–85]. Also, the
previously discussed cone scanner for ultrasound breast volume acquisitions can
perform ultrasound-guided biopsies similarly [86].

Although these systems can use image feedback to confirm correct needle
placement, they cannot adjust the needle trajectory based on real-time feedback
to compensate for deformations due to needle insertion or patient movements.
Several guiding systems are available that preserve the freehand technique,
as discussed in Section 1.2.2. These systems are essentially an add-on for
the ultrasound probe and lock some degrees of freedom such that the needle
manipulation is more consistent and always in the field of view of the probe
[87–89]. Some of these devices rely on locking the needle trajectory relative to
the ultrasound probe. As the radiologist holds the probe, the desired needle
trajectory relative to the probe constantly changes. Thus, locking the needle
relative to the probe does not necessarily ensure accurate needle placement.
The system presented by Suthakorn et al. [89] does not have this issue since
optical tracking continuously provides the radiologist with an updated desired
needle trajectory. The system has been shown to enhance hand-eye coordination,
especially of inexperienced radiologists, and may allow MRI/ultrasound fusion.

Robotic needle placement

Robots do not need support with spatial cognition; robots are inherently good at
processing large amounts of spatial data and coupling this to accurate physical
action. Additionally, real-time sensor information may be fused with preoperative
data or used to update the lesion position. These aspects make the biopsy
procedure a very suitable procedure to be performed by robots. Robotic biopsies
have already been performed on various organs such as bone, lung, brain or
brainstem, prostate, and liver [90–94]; also, various research is conducted after
robotic breast biopsy systems and approaches [95, 96]. The following presents
robotic ultrasound-guided needle insertion, deformation management, and robotic
MRI-guided needle insertion approaches.

Some robotic ultrasound-guided biopsy systems do not leverage the real-time
capabilities of ultrasound imaging. Both Megali et al. [97] and Kettenbach et al.
[98] presented a system that performs a biopsy based on a preoperatively acquired
position found with an optically tracked ultrasound probe. Other approaches
utilize robotic needle placement in conjunction with robotic ultrasound probe
manipulation. The degrees of freedom of the needle with respect to the ultrasound
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probe vary per approach. A setup comprised of two robots — one for needle
insertion, the other for probe placement — achieves optimal flexibility in planning
and monitoring the needle trajectory [99]. However, the extra robot introduces
the necessity of an inter-robot calibration, which could be a source of errors.
Other designs stay closer to the technique of the radiologist, as presented in
Figure 1.2 [100]. An advantage is that the needle is in the ultrasound plane by
default, which is the standard feedback mechanism used by radiologists, and the
design of the needle manipulator is relatively simple. Additionally, one robot can
perform both ultrasound acquisitions and biopsies, which prevents the necessity
of transferring the lesion coordinates between systems. This fixed configuration
does exclude switching to alternative insertion methods in which the needle is
perpendicular to the image plane, as presented by, e.g., Vrooijink et al. [101] and
Abayazid et al. [74]. However, these methods are less common-place in breast
cancer diagnostics. Generally, the accuracy of the presented robotic systems is
well below the previously reported 10 mm of the radiologist, and their limit is
around 1 mm[98, 102, 103]. Nevertheless, these systems were tested in highly
simplified in-air, phantom, or ex vivo experiments and most studies assumed
that the target is visible on the ultrasound image. This assumption may not be
correct for MR-detected lesions.

The deformity and motions of the breast may cause the lesion to displace
during the biopsy procedure [104]. A robot does minimize unpredictable motion
due to stable probe and needle handling, but the lesion position will change due
to interaction forces and involuntary patient movements. Deformity and motions
can either be limited or compensated for based on predictions or real-time
adjustments of the needle trajectory during the procedure.

Generally, the patient is positioned in prone position to limit motions. In
prone position, involuntary movements such as breathing have minimal impact
on the breast, which is one reason why an MRI scan is taken this way [105].
Additionally, the examined breast may be fixated to minimize deformation even
further. Hatano et al. [103] achieved breast fixation with a specialized needle
guide. Currently, ultrasound-guided biopsies in prone position are considered
undesirable from an ergonomics point of view. Indeed, sonographers who regularly
perform ultrasound scans and biopsies are prone to suffer from musculoskeletal
disorders [63, 106]. On the other hand, robots do not suffer from fatigue and
do not mind their position relative to the patient. Furthermore, performing the
biopsy in prone position renders the additional supine MRI superfluous.

Deformations can be compensated for either preoperatively, using deforma-
tion modeling, or intraoperatively, using image processing on the ultrasound
images. Deformation modeling allows the lesion position to be updated based
on expected interactions of the probe and needle with the patient [107]. Image
processing methods enable the robot to correct the lesion position and needle
trajectory based on the current image input. Tracking methods can be based on
segmentation of the lesion or general deformation measurements using optical
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flow [108, 109]. Both the lesion and the needle can be tracked simultaneously
[110]. Needle tracking is helpful to compensate for needle deformations or sup-
port the system’s forward kinematics. Observations may be used to update
the needle trajectory or counteract deformations via an actuator placed on the
breast surface [111–114].

Alternatively, some robots can operate inside the MRI bore and use the
MRI as a sensor for the biopsy procedure. The advantage of this type of robot
is that registration between the patient and the robot is less complex since
both are visible on the same dataset. Additionally, there is no need to merge
several data types, as with ultrasound/MRI fusion. However, this approach adds
serious design constraints since no metallic objects are allowed in this location.
Various designs have been presented utilizing a range of actuation techniques
such as piezoelectric, pneumatic, hydraulic, and tendon-driven motors [115–118].
Another disadvantage of in-bore robots is the higher MR time.

1.4 Thesis goal and outline

The previous section explained that robotics might have an important role in
the workup of breast cancer treatment, both in lesion localization and needle
placement. In ultrasound acquisitions, the accuracy of ultrasound/MRI fusion,
the field of view, tissue deformation, and acquisition quality may be improved. In
needle placement, spatial cognition, the accuracy and deformation compensation
may be improved, both inside and outside the MRI bore.

Currently, most systems are focused on ultrasound-detectable lesions. Con-
sequently, assumptions are made in the system design, such as the visibility
and segmentability of the lesion in ultrasound. For MR-detected lesions, these
assumptions do not necessarily hold, and therefore, a different approach would
be required. Thus, this thesis focuses on how robots could assist radiologists
in performing biopsies on suspicious lesions previously detected on MRI. Two
approaches are treated: ultrasound-guided and MRI-guided biopsies.

1.4.1 Ultrasound-guided

Primarily, this research is conducted in the MRI and Ultrasound Robot-Assisted
Biopsy (MURAB) project. This project is about the clinical challenge of per-
forming ultrasound-guided biopsies on MR-detected lesions. Figure 1.3 presents
the proposed setup and the most critical steps of the workflow. The chapters
of this thesis represent sections of the workflow, as the MURAB project is a
European project with multiple partners who worked on different aspects. The
following discusses the workflow, which role the content of the chapters plays,
and mentions some co-authored work.
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Figure 1.3(a) shows how the patient lays on a dedicated bed in prone po-
sition with the examined breast through a hole. This setup is chosen such
that deformations with respect to the previously obtained breast MRI and the
impact of involuntary patient movements such as breathing are minimal. A
seven-degrees-of-freedom robotic manipulator with a dedicated end-effector is
placed underneath the patient. Chapter 2 introduces this end-effector, which
is specifically designed for ultrasound-guided biopsies on MR-detected lesions.
Compliant behavior of the robot is essential, while the robotic manipulator
navigates in a complex environment with the patient, the radiologist and several
nearby objects. Chapter 3 elaborates on a compliant control theory for redundant
robotic manipulators. In this theory, the manipulator continuously optimizes
its configuration for complex trajectories by moving away from the joint limits
while simultaneously respecting the desired trajectory of the end-effector itself.
Figure 1.3(b) shows how the robot determines the patient’s position with respect
to itself. In the final setup, this is performed by stereo cameras that detect
colored multi-modality markers. These markers are detectable on camera, ultra-
sound images, and MRI [119]. The breast’s outline with respect to the robot
is determined with this localization step and by extracting the breast’s shape
from the preoperative MRI. Some details of this registration step are outlined
in Chapter 2 also. Chapter 4 shows how the registration step and the preoper-
ative images are exploited to plan a patient-specific trajectory for ultrasound
acquisitions (Figure 1.3(c)). Additionally, this chapter shows how imperfections
of this trajectory are compensated for using ultrasound feedback. Chapter 5
further elaborates on this topic and shows how scanning may be possible with-
out patient specific information. Please refer to Nikolaev et al. [120] for more
information on the acquired ultrasound volumes. Next, the acquired ultrasound
volume is registered with the MRI based on the detected markers (Figure 1.3(d)).
This step obtains the lesion position in robot coordinates. However, the lesion
position will change upon contact of the ultrasound probe with the breast. A
modeling step could compensate for this, as is discussed in (Figure 1.3(e)) [121].
Elastography could be performed to obtain the correct modeling parameters such
as tissue stiffness. Elastography data can be acquired by utilizing an acoustically
transparent pressure pad [122]. The following steps are correctly placing the
ultrasound probe on the patient’s skin with the lesion in the field of view, and
guiding the needle to the correct location (Figure 1.3(f) and (g)). Chapter 6
discusses how tissue and needle deformations can be compensated for during the
biopsy procedure.

1.4.2 MRI-guided
Alternatively, MR safe robots could perform biopsies on MR-detected lesions.
Work presented at the Hamlyn Symposium shows how to build and control
a pneumatically actuated robotic manipulator which operates inside the MRI
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bore [123]. Chapter 7 elaborates on an MR safe position sensor based on a
spectrophotometer, which could be integrated into a robot that operates inside
the MRI bore. As such, the robot precisely knows its joint positions, and as
a result, the end-effector location. This work builds on knowledge acquired in
the design of the magnetic optical density meter, of which you can find more
detailed information in appendix A.
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Figure 1.3: Workflow of a robot-assisted ultrasound-guided biopsy. (a) Initial planning.
(b) Breast localization based on e.g. structured light projection. (c) Volumetric breast
ultrasound acquisition. (d) The lesion position with respect to the robot is determined with
ultrasound/MRI fusion. Deformations happen upon contact of the ultrasound probe with
the skin. Modeling (e) and tracking (f) can be used to compensate for this effect. (g) The
intervention takes place where the robot helps the radiologist aim the needle and compensates
for deformations caused by needle insertion.
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Abstract
Purpose: The biopsy procedure is a crucial phase in breast cancer diagnosis.
Accurate breast imaging and precise needle placement are crucial in lesion
targeting. This paper presents an end-effector (EE) for robotic 3D ultrasound
(US) breast acquisitions and US-guided breast biopsies. The EE guides the
needle to a specified target within the US plane. The needle is controlled in
all degrees of freedom (DOFs) except for the direction of insertion, which the
radiologist controls. It determines the correct needle depth and stops the needle
accordingly.
Method: In the envisioned procedure, a robotic arm localizes the breast, acquires
and reconstructs the 3D US volume, identifies the target and guides the needle.
Therefore, the EE is equipped with a stereo camera setup, a picobeamer, US
probe holder, a 3-DOFs needle guide and a needle stop. The design was realized
with prototyping techniques. Experiments were performed to determine needle
placement accuracy in-air. The EE was placed on a 7-DOFs robotic manipulator
to determine the biopsy accuracy on a cuboid phantom.
Results: Needle placement accuracy was 0.3 ± 1.5 mm in and 0.1 ± 0.36 mm out of
the US plane. The accuracy of the needle depth regulation was 100µm (maximum
error 0.89 mm). The maximum holding force of the stop was approximately
6 N. The system reached a Euclidean distance error of 3.21 mm between the
needle tip and the target and a normal distance of 3.03 mm between the needle
trajectory and the target.
Conclusion: An all-in-one solution was presented which, attached to a robotic
arm, assists the radiologist in breast cancer imaging and biopsy. It has a high
needle placement accuracy, yet the radiologist is in control like in the conventional
procedure.
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2.1 Introduction
Breast cancer is the most prevalent cancer in women worldwide. In 2018 alone,
nearly 2.1 million new cases were diagnosed [28]. It is essential for these women
that the diagnosis is confirmed in an early stage of the disease as early detection
reduces mortality rates in breast cancer [124].

Several methods are used to detect lesions, including self-examination through
palpation, and imaging modalities such as mammography, ultrasound (US) scans,
and magnetic resonance imaging (MRI) scans. Mammography is the most
common imaging modality in clinical practice.

A tissue sample is required to confirm malignancy if a lesion is detected. This
tissue sample is acquired using a biopsy needle, after which the sample is sent to
the pathologist. Primarily, the biopsy procedure is performed under US guidance.
The radiologist navigates the needle based on US feedback. Disadvantages of
this procedure include difficulties in extracting cells from the lesion due to its
small size or poor sensitivity due to challenges in visualizing tumors against
a background of dense fibroglandular tissue [125]. Also, needle insertion is
hampered by tissue boundaries and lesion displacement because of forces exerted
during needle insertion. The biopsy is repeated if the lesion is not hit at the
previous attempt.

Consequently, radiologists should be experienced to be successful. However,
clinicians who frequently use this technique often suffer from fatigue and work-
related musculoskeletal discomfort [126]. These work-related issues will become
more frequent since the number of breast biopsies is increasing due to broader
access to population screenings for breast cancer.

Robotics can play a essential role in these challenges; robots can more
accurately, precisely and stably manipulate tools than humans. Moreover, robots
do not experience fatigue, and consequently, the time per patient can be brought
down [95]. Furthermore, a robotically-steered US probe can create accurate 3D
US volume reconstruction. The robot can acquire the US probe position with
high precision utilizing its sensors, and can produce uniformly-spaced slices with
coordinated movements. The accuracy of a biopsy benefits of image fusion of
preoperative images, e.g., MRI, with intraoperative data, like US [60]. If the
robot “knows” its relative position to the breast and can generate a precise 3D US
volume, this can ease registration. Because of these advantages, a robot-assisted
US-guided biopsy can potentially reduce the number of false negatives compared
to the regular procedure, and can bring down patient discomfort and costs.

Thus, robotic assistance during US-guided breast biopsies is beneficial by
providing a stable hand and real-time image feedback. The previous studies
focused mainly on designing mechanisms to assist the radiologist to perform
minimally invasive procedures more accurately. Determining the target’s position
relative to the biopsy device is an important step in a robot-assisted biopsy.
This position can be retrieved by registering preoperative images with the robot
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and the patient. Several studies utilized optical tracking to relate preoperative
images to the robot [83, 84, 97, 98]. Nelson et al. [102] used a laser scanner to
register a preoperative 3D US acquisition to the current position of the breast.
The advantage of using just preoperative imaging is that the trajectory planning
is not influenced or restricted by, e.g., the US probe position. However, the
procedure lacks real-time information to correct for deformations. Several studies
utilized real-time US guidance as well. The US probe’s position relative to the
needle can be tracked optically, calculated based on joint sensors of the robot(s)
holding the probe or the needle, or measured if the position of the US probe is
static with respect to the needle base frame [89, 97, 99, 100, 127].

Additionally, there are several approaches to needle insertion under US
guidance. Liang et al. [127] presented a six degrees of freedom (DOFs) robot
holding a 3D US probe with the needle fixed to the probe. Mallapragada et
al. [112, 114] showed a needle with a fixed insertion orientation relative to the
probe but manipulated the tissue. Other studies suggested setups in which the
needle/needle guide has some degrees of freedom in the image plane of the US
probe [88, 89, 100, 128–130]. In some cases, the needle had DOFs out of the
US plane, or the US probe had DOFs also [74, 101, 131]. If the needle moves
independently of the US probe, there are more options for targeting lesions.
However, the US feedback is less accurate if the needle moves out of the US
plane.

The studies mentioned above show that the introduction of robotics to the
biopsy workflow is advantageous for the accuracy of the procedure. However,
to truly benefit from developments in robotics, such as the medically certified
robotic arms, there is the need for an all-in-one solution. Suppose one tool
enables a robotic arm to perform all steps of the breast biopsy autonomously.
In that case, the system becomes less complex and expensive, and inter-system
calibration errors are ruled out. These aspects will lead to higher accuracy and
faster acceptance in the medical world [132].

This paper aims to present the design of an end-effector (EE) for utilization
in a robot-assisted breast biopsy. The EE contains an actuated needle guide
that directs the needle to a specified target within the US plane. The radiologist
performs the needle insertion, which assures a human is still in control during
the invasive step. The EE tracks the insertion and mechanically stops the needle
at the specified depth. With the proposed system, MR-detected lesions may
be targeted by a US-guided biopsy based on a registration step, which is less
invasive than an MR-guided biopsy. Furthermore, biopsies can be consistently
and reliably performed independently of the radiologist’s experience in performing
a biopsy. The paper is structured as follows: section 2.2 gives an analysis of the
design constraints. section 2.3 presents the proposed and implemented design.
section 2.4 presents the measurements performed to characterize the system, and
section 2.5 discusses the results. The paper concludes with section 2.6.
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Figure 2.1: Robot-assisted biopsy workflow. (a) The robot scans the breast with cameras and
registers the breast surface by projecting light or recognizing markers. (b) The robot scans
the breast with a 2D US probe for 3D US volume reconstruction. (c) The robot visualizes
the target in the US image. (d) The robot targets the lesion by aiming the needle guide to
the correct location. In situations (b) and (c) an angle of 45° of the probe with respect to the
flange is beneficial to navigate close to the chest wall/patient bed.

2.2 Design Analysis
The envisioned robot-assisted US-guided biopsy procedure consists of several
phases (Figure 2.1). First, a breast MRI is acquired in prone position. Then,
the patient is positioned in prone position over the robot. This position reduces
motion artifacts and simplifies registration with the preoperative MRI scan.
Multi-modality markers, visible in MRI, US and on camera, should be attached
to the breast to aid registration.

The robot determines its position relative to the breast by moving around
it and detecting the markers with cameras attached to the end-effector (Fig-
ure 2.1(a)). Next, the MRI data are registered with the optical data. Possible
deformations compared to the preoperative MRI data can be compensated for
using the markers’ relative positions and projections of a projector.

Subsequently, the robot scans the breast surface with a 2D linear probe to
acquire 3D US data. The volume is built up by streaming the 2D images with
corresponding position data to a reconstruction algorithm. Navigating close to
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the bed is essential to optimize the scanning area. Therefore, the probe should
be tilted with respect to the robot flange (see Figure 2.1(b)).

The needle tip should be within the US transducer’s field of view (FOV)
during insertion. This allows for real-time image feedback of the needle tip and
tissue deformations. The needle tip should be aligned with the lesion in the
breast and approximately parallel with the transducer array of the US probe for
needle visibility. Therefore, the needle will be inserted around 3–5 cm from the
edge of the transducer. Furthermore, the needle is preferably inserted parallel to
the chest wall because this reduces the risk for a pneumothorax. Due to these
requirements, the anticipated pose of the probe during a biopsy is as shown in
Figure 2.1(c).

The lesion will be a point in the 2D US image if the US probe is correctly
placed on the breast surface. The target and the insertion position determine
the orientation and position of the needle guide. Therefore, a 3-DOFs articulated
needle guide suffices to correctly aim the needle toward the lesion in the US image
plane (Figure 2.1(d)). The method to determine the joint angles based on the
needle guide’s position and orientation is described in [133]. The guidelines for
needle insertion and the diameter of the female breast, which can be up to 18 cm
[134], define the desired workspace of the manipulator. The needle guide should
successfully target lesions with a size ranging from 4 to 10 mm. Commonly, these
lesions are difficult to detect on US images but can be recognized on MRI [46].
The needle is inserted through the needle guide, which limits the movement of
the needle to the direction of insertion. The needle guide should stop and hold
the needle at the desired depth, regardless of needle length and diameter. The
brake should exert forces higher than the insertion forces to stop the needle.
These forces have a range of 0–3.5 N [135, 136]. Preferably, the mechanism is
substituted or sterilized easily after usage.

2.3 End-effector

2.3.1 Design
An overview of the proposed end-effector design is shown in Figure 2.2. The design
was adapted for a KUKA MED 7 R800 (KUKA GmbH, Germany) and optimized
for the phases described in the previous section. The US probe is rotated relative
to the robot flange—the tool mounting surface—to move close to the patient
table in the scanning and biopsy phases. The probe holder can be exchanged to
support different probe types. Cameras (KYT-U200-SNF01, Kayeton Technology
Co., Ltd, China) and a projector (SK UO Smart Beam, Innoio, S. Korea) are
installed to support the localization phase. The stereo camera has wide-angle
lenses (focal length 2.8 mm) to cover a wide area regardless of the proximity
to the breast surface. The cameras are synchronized for accurate stereo vision
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Figure 2.2: Isometric projections of the end-effector design. The US probe tip is rotated 45°
with respect to the robot flange around both x- and y-axes. Further indicated are the needle
guide, stereo cameras, projector, LED array and the US probe.

on a moving frame. Two light-emitting diode (LED) arrays are placed next to
the cameras to support in segmentation of the colored markers. The cameras
segment the colored markers applied to the patient’s skin or phantom during
camera scanning. When both cameras image the same marker, the position of
the marker centroid relative to the cameras is determined. After scanning, the
marker centroids relative to the robot are known and are registered with the
marker centroids selected in the MRI scan (or computer-aided design (CAD) data
of a phantom). This way, the lesion’s location in MRI or phantom coordinates
can be transformed to robot coordinates.

The needle guidance is performed by a 3-DOFs manipulator consisting of
two links and a needle guide. The motors have integrated controllers, a range of
320°, and a resolution of 0.325° (Herkulex DRS 0201, DST Robot Co., Ltd, S.
Korea). Figure 2.3 highlights the 3-DOFs manipulator and its workspace. The
maximum Euclidean error between the needle tip and the target in the range x
= [−25, 25] mm and z = [−15, 45] mm is expected to range from 0.7 to 1.1 mm,
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Figure 2.3: 3-DOFs motorized needle guide. Link 1 is 57.09 mm, and link 2 is 50.36 mm. The
blue area indicates the workspace of the guide. The origin is located in the joint of the first
motor.

based on the motor accuracy and the forward kinematics of the system. The
error increases as the distance between the needle guide and the lesion increases.
A printed circuit board (PCB) integrates a microcontroller (µC) (ESP8266,
Espressif Systems, China), supplies for the cameras, the picobeamer and the
motor, LED drivers and communication with the robot controller. The µC was
programmed in the Arduino IDE (Arduino AG, Italy) to take serial commands
from the robot controller and control the motors, LEDs and the needle stop.
The board has separate supplies for the µC and the motors such that the robot
controller can shut down the motors in case of emergency. At the same time,
the communication with the end-effector continues.

An overview of the needle-stopping system is shown in Figure 2.4. The
needle movement is limited to the insertion direction by matching the guide
diameter with the needle diameter. The guide was partly made of hard plastic,
which forms a chamber together with a flexible type of plastic. The needle is
stopped by pressurizing the chamber and deforming the flexible part of the guide.
This process creates friction forces that stop the needle. The following equation
relates the change in the inner radius 𝛿𝑟 (m) of a tube to the pressure difference
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Figure 2.4: (a) The needle stop. (b) An exploded view of the needle stop. (c) A schematic
diagram and a cross-section of the needle stop. A laser sensor measures the needle position,
and the microcontroller controls the pressure with a solenoid-operated valve based on this
position. (d) The change in tube diameter due to pressure difference across the inside and
outside of the tube, see Equation (2.1).

on the inner and outer wall and its material properties [137, 138]:

𝛿𝑟 = 1 − 𝜈
𝐸

(𝑎2𝑝i − 𝑏2𝑝o
𝑏2 − 𝑎2 ) 𝑟 + 1 + 𝜈

𝐸
(𝑎2𝑏2 (𝑝i − 𝑝o)

𝑏2 − 𝑎2 ) (1
𝑟

) , (2.1)

in which 𝑝o and 𝑝i are the pressures on the outside and the inside of the tube (Pa),
𝑟 is the initial radius of the tube (m), 𝐸 is the Young’s modulus of the material
(Pa), 𝜈 is the Poisson’s ratio of the material, and 𝑎 and 𝑏 are the inner and the
outer radius of the tube (m). For a tube with an inner radius of 0.75 mm and
pressures in the range of 0–6 × 105 Pa, a wall thickness of 0.75 mm is sufficiently
small to enable clamping the needle. A laser sensor (PAT9125, PixArt Imaging
Inc., Taiwan) measures the needle displacement during insertion with a resolution
of 20µm. Based on the forward kinematics of the system, the µC determines the
position of the needle tip during insertion. Once the needle tip has reached the
target, the controller opens a pneumatic valve (PV3211-24VDC-1/8, FESTO
Didactic GmbH & Co. KG, Germany).
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2.3.2 Realization
Figure 2.5 presents the assembled EE. The top picture shows the EE with red
arrows indicating the relevant parts. Similarly, the needle stop is shown on the
bottom.

All structural parts, e.g., the links and the housing, of the end-effector
are printed by fused deposition modeling printers, a Fortus 250MC (Stratasys
Ltd., USA) and an Ultimaker S5 (Ultimaker, The Netherlands). The materials
used are acrylonitrile butadiene styrene (ABS) (ABSplus, Stratasys, Ltd., USA)
and polylactic acid (PLA) (Ultimaker, The Netherlands). The needle guide is
printed utilizing an Objet Eden 260VS (Stratasys Ltd., USA). The hard plastic
is VeroClear (Stratasys Ltd., USA), whereas the flexible plastic is Agilus Black
(Stratasys Ltd., USA).

2.4 Experimental Validation

2.4.1 Experimental Methods
An experiment was designed to verify the needle guide’s accuracy and precision in
guiding the needle to a coordinate in the US image (Figure 2.6). This experiment
was performed in the air to exclude the influence of tissue. The setup consisted
of a mock-up US probe adapted to hold a displaceable plate with five targets
indicating z = [19 29 39 49 59] mm. This plate was fixed on five marked
locations, x = [−20 10 0 10 20] mm. Thus, in total there were 25 targets (red
dots, Figure 2.6(b)). The needle was inserted to each target from seven insertion
locations (blue dots, Figure 2.6(b)), and the position on which the needle was in
contact with the plate was recorded. The measurement accuracy was 0.5 mm
utilizing millimeter grid paper on the plate. Every combination of insertion and
target position was performed five times. A needle with a conical tip (MRI
IceRod™, Galil Medical Inc., USA) was used for optimal measurement accuracy.
A MATLAB script (MathWorks, Inc., USA) commanded the motor positions
and saved the measured values.

The accuracy of the needle stop is defined by how well the needle is stopped
at a specified depth. Therefore, the needle was inserted ten times for different set-
points of the depth, 𝑑set = [30 50 70 90] mm. The stopping depth was determined
using a micro-manipulator that was moved toward the tip of the needle until
the sensor on the needle guide measures contact. The measurement accuracy
was approximately 10µm. Furthermore, the holding force was determined using
a spring balance for pressures of [2 4 6] bar.

A third experiment was designed to determine the system’s accuracy (Fig-
ure 2.7). This accuracy is defined by how well the system targets a point specified
in preoperative data. In a simplified setting, the CAD model of the phantom
functions as preoperative data with a known shape, known marker positions,
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Figure 2.5: Top: the end-effector. Bottom: the needle stop. Red arrows indicate the relevant
parts.

and a known lesion position. For this, a cuboid phantom (6 × 6 × 11 cm3) was
constructed from candle wax (CREARTEC trend-design-GmbH, Germany). The
top of a grinding sponge was integrated into the bottom to avoid back-scattering
of the US signal. The phantom was placed over and registered with an Aurora
tracker (Northern Digital Inc., Canada). An electromagnetic (EM) tracker (Part
nr: 610065, Northern Digital Inc., Canada) is placed inside the phantom to
function as the lesion, and its location with respect to the phantom is precisely
known. Now, the EE was connected to a KUKA MED 7 R800. A VF13-5 linear
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Figure 2.6: (a) Setup for measuring the accuracy and precision of the needle placement. (b)
Set of targets and virtual insertion positions. The needle trajectory goes through one blue and
one red point.

US probe (Siemens AG, Germany) was attached to the EE and connected to an
X300 US system (Siemens AG, Germany). The robot retrieved the lesion position
in robot coordinates by scanning the phantom with the cameras, determining
the marker positions relative to the robot, and registering the phantom with the
robot’s coordinate frame. After registration, the robot moves to the phantom to
perform the biopsy procedure. A custom biopsy needle was produced utilizing a
metal tube with an outer diameter of 2 mm and an inner diameter of 1.6 mm
and equipped with an EM tracker (Part nr: 610059). The needle is inserted
to the specified position, and the Euclidean distance between the two sensors
is recorded to determine the accuracy. The procedure is performed in supine
position because the bed interferes with the signal of the Aurora system. The
experiment was performed five times each for targets at 32.5 mm and 50 mm
depth.
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Figure 2.7: The experimental setup consists of a KUKA MED with the EE attached, a phantom
with five markers placed over an NDI field generator, a target formed by an EM tracker and a
needle with an integrated EM tracker.

2.4.2 Results
The needle guidance experiment was performed five times, of which the first
dataset was used to determine the linear transformation between the measurement
results and the initially targeted positions. This transformation is applied to the
rest of the data, and Figure 2.8 shows the results. The red dots show the mean
position for every target, while blue ellipses indicate the standard deviation in
the y- and z-directions. The mean error in the y-direction and the z-direction was
0.1 ± 0.36 mm and 0.3 ± 1.5 mm, respectively. Target 25 was targeted the least
precise, with a standard deviation of 0.48 mm and 1.76 mm in y- and z-directions,
respectively. Furthermore, target 5 had the highest standard deviation in the
z-direction, being 3.0 mm.

Table 2.1 presents the results of the needle clamp experiment. During a
calibration step, the bias of the micro-manipulator relative to the needle guide
(1.77 mm) was removed, and the sensor’s resolution was adjusted to 19.67µm
through a linear fit. The accuracy in the tested range was 0.100 mm (maximum
error 0.89 mm). The holding force was determined to be 3.5–6 N.

Table 2.2 presents the results of the phantom experiment. The Euclidean
distance, 𝑑Euc, between the needle tip and the target is 3.21 mm on average. The
normal distance, 𝑑norm, describes the shortest distance from the target to the
needle trajectory and is 3.03 mm on average. The root-mean-square distance,
𝑑marker, between the marker centroids as segmented by the cameras and modeled
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phantom after transformation is 1.74 mm. Figure 2.9 shows how the metal
tracker and the needle insertion were visible on the US image.

2.5 Discussion
An EE for a robotic arm was designed to perform a robot-assisted breast biopsy
workflow: registration, 3D volume acquisition and the US-guided biopsy. The
presented EE integrates all necessary features in a small package. The 45° angle
of the US probe relative to the flange allows the robot to reach the breast near the
chest wall during both the scanning and the biopsy phase. In a simplified setting,
the pre- and intra-operational data could be registered utilizing the cameras
and the LED arrays on the EE. Although not shown here, the picobeamer

Table 2.1: Top: The set and measured needle depths. Bottom: The applied pressure and the
corresponding holding force.

Setpoint Mean Min. Max.

mm mm mm mm

30.00 30.18 29.75 30.89

50.00 50.00 49.82 50.26

70.00 70.02 69.89 70.18

90.00 90.20 90.05 90.35

Pressure Hold force

bar N

2.0 3.5

4.0 5.0

6.0 6.0

Table 2.2: The distance, 𝑑, the Euclidean distance, 𝑑Euc, and the normal distance, 𝑑Norm,
between the needle tip and the target, and the Euclidean distance between the markers after
registration in the phantom experiment.

Needle Marker

𝑑 (𝑥𝑦𝑧) 𝑑Euc 𝑑Norm 𝑑Euc

mm mm mm mm

Mean 1.03 -2.62 -0.11 3.21 3.03 1.74

Min. 0.70 -2.28 0.01 2.38 2.04 1.59

Max. 2.49 -3.70 -1.57 4.72 4.61 1.85



2

32

x
z

Target Target

Needle

(a) (b)

x
z

Figure 2.9: (a) The US plane containing the target. (b) The US plane containing the target
after needle insertion.

could help add a deformable registration to the procedure. The 3-DOFs needle
guide successfully assists in targeting a lesion location defined preoperatively.
Both in-air and phantom experiments were performed to determine the needle
placement accuracy. The in-air experiments showed that the needle is accurately
guided to a predefined position in the US plane, and the needle is accurately
stopped at a predefined depth. The phantom experiment showed that the needle
trajectory has a mean normal distance of 3.03 mm to the target. Table 2.2 shows
that a significant contribution to this error is in the y-direction, out of the US
plane, while the in-plane errors are similar to the in-air experiments, which
were focused on needle guidance and stopping accuracy. Furthermore, Table 2.2
shows that the camera segmentation’s error is in the millimeter range. As some
force was needed to insert the target in the phantom, it is suspected that this
caused a small error in the phantom to field generator registration. Other factors
influencing the error metric could include the accuracy of the calibrations of the
needle guide, the US probe and the cameras with respect to the robot flange
and the inter-camera position. Overall, the EE has similar accuracy as the
cited studies (0.25–3.44 mm [83, 101]), and for the system, it is feasible to target
lesions in the range of 4–10 mm in the future.

Considering Figure 2.7, the standard deviations are larger than the mean
errors since the motors have backlash in the gears. Additionally, the printed
parts do not provide the same rigidity as, e.g., metal parts. Furthermore, target
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5 has a relatively large standard deviation in the z-direction because the needle
reaches this target under a sharp angle. Minor deviations in target placement
and the insertion angle cause rather large variations in Euclidean distance errors.
Target 25 is targeted with the lowest precision since this target is located the
farthest away from the needle guide. Both positions will not be used in real-life
scenarios; for optimal needle and target visibility, the target is usually located
more toward the center of the US image.

The system has several advantages: the biopsy site can be marked on preop-
erative images, and the correct biopsy site is found due to the marker recognition.
The radiologist controls the insertion, yet has robotic biopsy accuracy due to
the needle guide. The physician has valuable feedback when puncturing the
skin and other tissue boundaries due to the frictionless movement of the needle.
The displacement sensor’s accuracy is satisfactory, considering that in the range
of 30–90 mm, the stopping system has an accuracy of 0.100 mm. The laser is
located away from the needle, so the needle guide is easily replaced after a
biopsy or when changing the needle diameter. Furthermore, the system works
independently of the needle length. Also, the needle is released when power
is lost, and in case of emergency the practitioner can remove the needle by
overcoming the clamping forces. This makes the system safe to use in a clinical
environment.

In the current setup, possible deformations were not considered, but this was
unnecessary since the target position was static. This should be implemented in
future experiments where the needle insertion can displace the lesion. This may
be done utilizing simulations or by tracking the needle and deformations in the
US image. Needle tracking may also decrease the influence of backlash and the
system’s rigidity by providing feedback. Further improvements include changing
the material of the clamping mechanism of the needle stop, which is too brittle.
Due to the brittleness, making the instrument airtight and durable is difficult.
However, this did not influence the working principle of the needle stop.

For clinical application, the procedure must be sterile. During camera
scanning, the EE is not in contact with the patient. During needle insertion, the
needle guide is in contact with the needle, and thus this part will be disposable.
A US transparent sheet can cover the setup during the procedure to create a
sterile environment.

2.6 Conclusion and Recommendations
This paper introduced an EE for a robotic manipulator to assist the radiologist
in acquiring US breast scans and performing the US-guided biopsy. The 3-
DOFs needle guide with needle stop gives radiologist robotic accuracy, yet the
radiologist is in control since needle insertion is not robotized.

The accuracy and precision of the 3-DOFs needle guide were determined
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experimentally, both in the air and on a phantom. The results look promising
and indicate that targeting lesions with a size of 4–10 mm is feasible.

The results of this study are an example of how to integrate different aspects
of robotic US scanning and robot-assisted biopsy in one functional device.
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Abstract
Robotic manipulators are utilized in and exposed to ever more complex en-
vironments. Particularly in healthcare, it is crucial to guarantee safety while
navigating around the operating theater and being in contact with the patient.
These robots are expected to behave in a compliant manner when interacting
with their environment. Many of these robotic manipulators are redundant,
which means they can perform additional tasks. Such a task could be manipu-
lability optimization, which is often implemented by cost function descending
using a pseudoinverse of the manipulator Jacobian.

Alternatively, this paper achieves manipulability optimization by introducing
of a potential field generated by nonlinear virtual springs in the joints. The
stored energy is released in the null space by ensuring a negative null space
power. The kinetic energy is limited by dynamically scaling the spring stiffness.
Joint limits are avoided by activating additional springs if joints threaten to
reach a limit despite the optimization. These springs create a compliant null
space behavior for which inverting the Jacobian is not necessary. Thus, the
performance is not affected by singularities.

In a series of experiments and simulations, we show that the robot navigates
to a local minimum of the virtual joint energy function, rendering a more neutral
robot configuration. It does so while not affecting the end-effector behavior.
Also, the maximum kinetic energy is respected and the joint limits are avoided
with a safe margin.
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3.1 Introduction
Situations in which robots are closely working together with humans have in-
creased and will be increasing in the coming years. Especially in medical settings,
robots should function consistently and in a compliant manner while varying
obstacles and complex trajectories demand much of the robot’s control. In the
MRI and Ultrasound Robotic Assisted Biopsy (MURAB) project, we have been
working on robotic volumetric breast ultrasound acquisitions (Figure 3.1) [139].
The MURAB project is just one example where the dexterity and precision of a
redundant robotic manipulator are ideally suited for patient-specific trajectories
and accurate localization of the acquired ultrasound slices. Other examples
arise from the COVID-19 pandemic, where robots are deployed for disinfection,
patient assistance and rehabilitation [140]. In such applications, the robots are
in direct contact with the patient, and thus, the trajectories can be very complex
and compliant behavior is paramount [141].

In the three-dimensional workspace, at least six independent joints are
required to control the end-effector (EE) in all six degrees of freedom (DOFs)
(location and orientation). Robotic manipulators often have a kinematically
redundant design to give them the necessary dexterity in complex tasks and
environments. Kinematic redundancy means that more DOFs (i.e., joints) are
available than strictly needed for the kinematic properties of the task [1, 142].
These extra DOFs can be utilized to perform additional tasks that support
the robot’s primary task. One possible additional task is to keep the linkage
away from the joint limits. Joint limit avoidance is beneficial for ultrasound
acquisitions since the joints should jointly perform a 360° motion around the
breast. Each individual link cannot stretch that range.

There are two ways to keep the linkage away from their limits: either to
prevent the current solution from going past a limit or to optimize the robot
configuration relative to its limits continuously. The former is achieved by
implementing dominant joint limit avoidance when a joint is close to a limit.
Its advantage is that additional DOFs can be used for other tasks while the
joint positions are sufficiently far away from their limits. A drawback is that
the behavior is only active near the limits, such that when a limit is reached,
the solution space for further movement may be restricted. The alternative
is to avoid the joint limits by optimizing a cost function continuously [1, 142].
The robot will use its self-motion to traverse down the cost function’s gradient
and optimize the range of motion for each joint. However, this will not prevent
the manipulator from reaching a limit eventually. Hence, combining the two
methods may be preferred. Both will be discussed in more detail.

Joint limit avoiding behavior that is only active near the limits is implemented
in several ways. Most methods utilize some function that is asymptotic on either
end of the joint range. One common way is the introduction of artificial potential
fields (e.g., a FIRAS function) near the joint limits, as introduced by Khatib
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Figure 3.1: The MURAB robotic setup for patient-specific ultrasound acquisitions.

[143]. The force/torque generated by the field gradually increases as the joint
position nears the limit and will prevent the robot from reaching them. Many
researchers adopted this method, but sometimes they utilized other functions
for the potential field [144, 145]. This method elegantly pushes the manipulator
away from its limits but is prone to oscillations when tracking a trajectory [146].
Alternatives are the saturation in null space and the saturation in joint space
methods [146, 147]. These methods predict whether a limit will be reached in
the next control iteration. If so, a new task is generated that keeps the joint from
reaching its limit. Another option is the implementation of barrier functions, to
which the solution of the main task should comply [148, 149].

A joint space impedance controller may achieve compliant joint position
optimization, but a conventional controller will not respect the desired EE
behavior. Ott describes how to accomplish a null space impedance, which
does not affect the task space [150]. One way to solve this is the projection of
the controller’s torque in the null space by kinematically decoupling the joint
space impedance controller from the Cartesian impedance controller [151, 152].
The task space augmentation and the joint space decomposition method are
alternatives. The former approach augments task coordinates, whereas the latter
augments task velocities. The latter extends the Jacobian to contain additional
null space coordinates and does not introduce additional singularities, which
is the case for task space augmentation. The disadvantage is that null space
coordinates are not geometrically meaningful. No integration of the null space
velocities is required if a particular form of the extended Jacobian is chosen
[153, 154]. The disadvantages of this method are the complexity and the usage of
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the Jacobian inverse, which may have discontinuities at singular configurations.
This work looks at the combination of geometric workspace compliance with

energy-based joint limit avoidance. Null space compliance is achieved explicitly
considering the forces associated with the gradient of the energy field introduced
in the joint space. The joint positions are optimized by navigating along the
gradient while ensuring a negative null space power. The kinetic energy in the
null space is bounded by dynamically shaping the potential field. If a joint
limit is approached, hard joint limits are realized by introducing an additional
potential field. We achieve a natural and physically consistent control for which
inverting the Jacobian is unnecessary by explicitly modeling all energies. The
manipulator transitions smoothly in and out of singularities by remaining at an
energetic minimum. We performed several simulations and experiments to verify
the controller’s intended behavior.

3.2 Joint limit avoidance with joint space poten-
tial energy

Our controller consists of three main components: a regular Cartesian impedance
controller expanded with joint position optimization and joint limit avoidance.
Joint position optimization is defined as a tendency of the robot to achieve
EE configurations while maintaining the joint positions as neutral as possible.
Additionally, joint limit avoidance prevents the robot from reaching its mechanical
limits. We will start with a description of the Cartesian impedance controller,
after which the joint position optimization and the joint limit avoidance torques
are elaborated.

3.2.1 Impedance control
The dynamic equation of the controlled system is given by

𝑴(𝒒) ̈𝒒+𝑪(𝒒, ̇𝒒) ̇𝒒 + 𝑭(𝒒, ̇𝒒)T + 𝑮(𝒒)T =

𝑱T (𝒒) 𝑾 0T
⏟⏟⏟⏟⏟
elastic wrench

+𝝉T
opt + 𝝉T

jla + 𝝉T
ext , (3.1)

in which 𝒒 ∈ ℝ𝑛 is the vector with joint positions, 𝑛 being the number of DOFs,
𝑱(𝒒) ∈ ℝ6×𝑛 is the manipulator Jacobian, 𝑴(𝒒) ∈ ℝ𝑛×𝑛 is the inertia matrix,
𝑪(𝒒, ̇𝒒) ∈ ℝ𝑛 represents the Coriolis and centrifugal terms, 𝑭(𝒒, ̇𝒒) ∈ ℝ𝑛 contains
the friction forces, 𝑮(𝒒) ∈ ℝ𝑛 is the gravitational term, and 𝝉opt, 𝝉jla, 𝝉ext ∈ ℝ𝑛

represent the joint position optimization, the joint limit avoidance, and the
external torques, respectively. The external torques originate from external
forces on the EE and intermediate bodies. In this derivation, it is assumed
that the external torques are zero. The elastic wrench, 𝑊 0 ∈ ∗se(3), is the
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virtual force exerted by a virtual spatial spring, 𝑲 ∈ ℝ6×6, connected between
the current EE frame, Ψee, and its desired frame, Ψd. 𝑲 is comprised of a
translational, a rotational and a coupling component, 𝑲t, 𝑲o, 𝑲c ∈ ℝ3×3, such
that the elastic wrench expressed in Ψee can be denoted as [155]

𝑾 eeT = ((𝒎ee)T

(𝒇ee)T ) = (𝑲o 𝑲c
𝑲T

c 𝑲t
) (𝛿𝜽d

ee
𝛿𝒑d

ee
) , (3.2)

where 𝒎ee and 𝒇ee denote the rotational and the translational part of the wrench
and 𝛿𝑻 = [𝛿𝜽d

ee
T 𝛿𝒑d

ee
T]

T
∈ se(3) is an infinitesimal twist in vector form. The

positions of Ψee and Ψd with respect to the base frame, Ψ0, are represented by
the homogeneous matrices 𝑯0

ee, 𝑯0
d ∈ SE(3), respectively. As such, the pose of

the EE with respect to the desired frame can be obtained by

𝑯d
ee = (𝑯0

d)−1𝑯0
ee = (𝑹d

ee 𝒑d
ee

0T
3 1 ) , (3.3)

where 𝑹d
ee ∈ SO(3) represents the rotation matrix and 𝒑d

ee ∈ ℝ3 the translation
vector. Additionally, based on the components of the stiffness matrix, three
co-stiffness matrices, 𝑮t, 𝑮o, 𝑮c ∈ ℝ3×3, can be defined such that:

𝑮𝑥 = 1
2

tr(𝑲𝑥)𝑰3×3 − 𝑲𝑥 for 𝑥 = t, o, c . (3.4)

In Equation (3.4), the tr() operator is the trace operator, which takes the sum
of the elements on the diagonal of a square matrix. Next, the skew symmetric
form, indicated by the tilde-operator, of the torque 𝒎ee and force 𝒇ee can be
calculated as:

�̃�ee = − 2 as (𝑮o𝑹d
ee) − as (𝑮t𝑹ee

d �̃�d
ee�̃�d

ee𝑹d
ee)

− 2 as (𝑮c�̃�d
ee𝑹d

ee)
̃𝒇ee = − 𝑹ee

d as (𝑮t�̃�d
ee) 𝑹d

ee − as (𝑮t𝑹ee
d �̃�d

ee𝑹d
ee)

− 2 as (𝑮c𝑅d
ee)

. (3.5)

Here, as() is an operator that gives the anti-symmetric part of a square matrix.
Finally, the wrench, 𝑾 ee, exerted on the EE by the spring is expressed in the
base frame by

𝑾 0T = AdT
𝑯ee

0
𝑾 eeT , (3.6)

where Ad is the Adjoint of an element of SE(3). 𝑯ee
0 is the base frame expressed

in the EE frame.
The control law for the actuator torques, 𝝉a, then becomes

𝝉T
a = 𝑱T(𝒒) 𝑾 0T − ̂𝑮(𝒒)T − ̂𝑪(𝒒, ̇𝒒) ̇𝒒 + 𝝉T

opt + 𝝉T
jla , (3.7)
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in which ̂𝑮(𝑞) is a compensation for the gravitational forces and ̂𝑪(𝒒, ̇𝒒) ̇𝒒 is a
compensation for the Coriolis and centrifugal forces. The friction forces, 𝑭(𝒒, ̇𝒒),
as present in Equation (3.1), cannot be compensated since they are unknown.
𝝉opt and 𝝉jla will be defined in the following sections.

3.2.2 Joint position optimization
We can define a potential energy function based on the robot’s joint positions
that increases as joints move away from their neutral position. Therefore, a
stiffness matrix is defined in joint space1, 𝑲q(𝒒) ∈ ℝ𝑛×𝑛. 𝑲q(𝒒) is a diagonal
matrix; thus, the total energy of all the springs in the joints is defined as

𝐸t(𝒒) =
𝑛

∑
𝑖=1

∫
𝑞i

0
𝑘𝑖𝑖(𝑞𝑖) 𝑞𝑖 𝑑𝑞𝑖 , (3.8)

where 𝑘𝑖𝑖(𝑞𝑖) is the (𝑖, 𝑖)-th element of 𝑲q(𝒒) which is described by

𝑘𝑖𝑖(𝑞𝑖) = 𝛼𝑖

1 − cos ( 𝑞𝑖𝜋
𝑞lim𝑖

+ 𝜋)
, (3.9)

where 𝑞𝑖, 𝑞lim𝑖
and 𝛼𝑖 are the joint position, the joint limit and a scaling term

for the stiffness of the 𝑖-th joint, respectively. Here, we assume that each joint
has symmetric limits, such that the minimal joint position is given by −𝑞lim𝑖

.
Figure 3.2 shows the graph of Equation (3.9) for 𝛼 = 1 and 𝑞lim = 170°.

The manipulator releases spring energy by moving to a more neutral position.
Figure 3.2 indicates that the potential energy increase/decrease associated
with moving a joint that is currently closer to a joint limit is more significant.
However, the robot should release the potential energy only in its null space
since the EE task must not be compromised. The possible joint motions of a
redundant manipulator that do not change the EE configuration are given by
linear combinations of the null space vectors of the Jacobian 𝑱(𝒒), i.e.:

null(𝑱(𝒒)) = { ̇𝒒 ∈ ℝ𝑛×1|𝑱(𝒒) ̇𝒒 = 0} . (3.10)

The KUKA LBR Med has seven joints (𝑛 = 7) such that the null space of
this robot is given by a 7 × 1 vector indicating the direction of combined and
simultaneous joint motions that will not affect the EE position, which we will
denote by ̇𝒒0. The gradient of Equation (3.8) in the direction of the null-space
vector gives the magnitude of the force experienced when moving along the null
space vector:

∇ ̇𝒒0𝐸t(𝒒) = (𝑲q (𝒒home − 𝒒))T ⋅ ̇𝒒0 . (3.11)

1Although deriving the stiffness from the energy field may have been more natural, desired
stiffness behavior is more intuitive to design.



3

42

-2 0 2
joint angle / rad

0

5

10

15

20

St
iff

ne
ss

 / 
(N

m
/ra

d)

qlim-qlim

Figure 3.2: Example plot of the spring stiffness as a function of the joint angle for a given
joint and its joint limits.

Here, 𝒒home is the home position of the robot, in which all joints are at their
neutral position. The null space power is the product of the null space torque,
𝝉0, and the null space joint velocity. The null space power should be negative to
release energy; thus, the torque vector should oppose the null space vector:

𝝉T
0 = −∇ ̇𝒒0𝐸t(𝒒)𝑴(𝒒) ̇𝒒0 . (3.12)

Next, we introduce a joint space damping, 𝑫q ∈ ℝ7×7, which is not constant,
but a function of 𝑴(𝑞) (see Table 3.1), to ensure the accelerations take place in
the null space [156]. By doing so, the joint space velocity would saturate to a
certain ̇𝒒sat, because the torque generated by the spring and the counter-torque
generated by the damper are in balance:

̇𝒒sat = 𝑫−1
q 𝝉0 . (3.13)

Thus, the joint velocities generated by the virtual springs can be limited
such that ‖ ̇𝒒sat‖ = ̇𝑞max. This is done by scaling the torque with a factor 𝑣, in a
similar fashion as is done in [141] for the Cartesian space:

𝑣 = min (1, ̇𝑞max

√ ̇𝒒T
sat𝑴 (𝒒) ̇𝒒sat

) . (3.14)

The inner product in joint space is defined utilizing the mass matrix because a
regular Euclidean norm is not physically meaningful [157]. The kinetic energy
in the system is given by:

𝐸kin = 1
2

̇𝒒T𝑴(𝒒) ̇𝒒 . (3.15)
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Figure 3.3: The resulting control scheme for a geometric impedance controller combined with
our joint limit avoidance controller.

Thus, we can derive a value for ̇𝑞max that limits the kinetic energy due to the
joint optimization to a set maximum kinetic energy, 𝐸max:

̇𝑞max = √2𝐸max . (3.16)

Finally, the torque that minimizes the potential energy and respects the null
space is given by

𝝉T
opt = 𝑣𝝉0 − 𝑫q ̇𝒒 , (3.17)

Also, motions not taking place in the null space are damped by this equation.

3.2.3 Joint limit avoidance
The joint position optimization allows the robot to centralize its joint positions
given the null space constraints. However, reaching a limit is still possible. To
prevent the robot from actually reaching any of its joint limits, a zone is defined
in which the robot can safely operate, −𝛽𝑖 𝑞lim𝑖

≤ 𝑞𝑖 ≤ 𝛽𝑖 𝑞lim𝑖
. 𝛽𝑖 represents

the fraction of the joint range that the robot can use. If a joint threatens to go
out of this safe zone, then this joint faces an extra spring:

𝝉jla𝑖
=

⎧{
⎨{⎩

−𝛾𝑖𝜌u𝑖
if 𝜌u𝑖

+ ̇𝜌u𝑖
𝑇 − 1

2 ̈𝑞a𝑖
𝑇 2 < 0

𝛾𝑖𝜌l𝑖
if 𝜌l𝑖

+ ̇𝜌l𝑖
𝑇 + 1

2 ̈𝑞a𝑖
𝑇 2 < 0

0 other
, (3.18)

where 𝛾𝑖 is the 𝑖-th component of the spring stiffness 𝜸 ∈ ℝ7. 𝝆u = 𝜷𝒒lim − 𝒒,
and 𝝆l = −𝜷𝒒lim −𝒒 define the current distance to the upper and lower boundary
of the previously defined safe range. 𝑇 is the duration of one control iteration
and ̈𝒒a = 𝑴−1𝝉a is the expected acceleration if 𝝉jla would be zero. The joint
position may be expected to leave the safe range the next control iteration based
on the Taylor expansion of the current position, utilizing the current velocity
and the expected acceleration due to the actuator torques. If, based on this
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estimation, the 𝑖-th joint is expected to leave the safe zone on either side of
the range, 𝜏jla𝑖

is activated. Note that this approach is very similar to the one
presented by Muñoz Osorio et al. [146]. However, we implement a regular spring,
because we already have a joint space damping. With a lower control rate and
an imperfect model of the robot, this method is more suitable. A potential
downside may be a small acceleration towards the spring in specific conditions.

The resulting control scheme is presented in Figure 3.3.

3.3 Experimental validation
Experiments validated the controller in a simulation environment and on an
actual robot.

3.3.1 Experimental setup

Simulation environment

The simulation is implemented in 20Sim (Controllab Products B.V., The Nether-
lands) utilizing the Matlab (The MathWorks Inc.) plugin. The robot is modeled
using a bond graph approach similar to [158]. The Matlab Robotics Toolbox
provides initial conditions for the simulation, such as the initial configuration
and the null-space vector during simulations.

Experimental setup

The setup (Figure 3.4) consists of a 7-DOFs robotic manipulator (KUKA Med
7 R800, KUKA GmbH, Germany). This robot is connected to a workstation
that runs the algorithm and communicates with the robot via the fast research
interface with a 200 Hz update rate [159].

3.3.2 Experiments
Two experiments were performed to evaluate the designed controller. Table 3.1
presents the settings unless they are explicitly varied during the experiment. 𝑲c
is zero. The stiffness and damping parameters are empirically chosen using the
simulated robot.

In the first experiment the robot was placed with the EE-frame at (𝑥, 𝑦, 𝑧) =
(−0.0575, 0, 0.9) m, the x- and the z-axis aligned with the negative z-axis and
the x-axis of the base, respectively (see Figure 3.4). The initial configuration has
its joints positioned relatively close to their limits. Now, the controller was run
for various values of 𝐸max, 𝐸max = [0 0.025 0.05 0.1 0.2] J, to assess whether
the robot respects the maximum kinetic energy and the current EE position,
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Figure 3.4: The setup to perform the measurements: A KUKA MED 7 R800 on a movable
platform. Indicated are the base frame, Ψ0, and the end-effector frame, Ψee, the joints and the
cables for communication with the work station. The dashed gray line represents the planned
path in the trajectory tracking experiment.

and whether the robot navigates to an energetic minimum. These steps were
performed both in simulation and on the actual robot.

Next, the actual robot performs the trajectory indicated in Figure 3.4. The
robot cannot perform this trajectory accurately since the bottom of the half-
circle is outside the work space, and joint four will reach its limit. Therefore,
this trajectory will activate the controller’s joint limit avoidance behavior. By
performing the trajectory for 𝐸max = [0 0.2] J, we see how the trajectory
tracking is affected by the null space impedance and whether the average joint
position is minimized during trajectory tracking.

3.3.3 Results
Figure 3.5 presents the results of the first experiment. Figure 3.5(a) shows
the system’s kinetic energy over time. It shows that the simulated and the
experimental behavior are very similar. However, in the experiments, the
kinetic energy is always below the allowed kinetic energy, 𝐸max, because of joint
frictions which are present in the joints. These frictions are not present in the
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simulated robot, and as such, the kinetic energy is closer to the setpoint in the
simulations. Additionally, the experimental behavior shows some overshoot, even
for 𝐸max = 0 J, because the gravity compensation on the actual robot is not
perfect, and the robot drops several millimeters at the start of the experiment.

This drop is also present in Figure 3.5(b), which shows the Euclidean error
over time. The Euclidean error, defined as 𝑒 = √𝑒2

𝑥 + 𝑒2
𝑦 + 𝑒2

𝑧, is around 2 mm
for 𝐸max = 0 J. The other experiments show a maximum error of around 5 mm.
The positional accuracy could be improved by increasing the stiffness parameters
but is limited by, e.g., joint friction, imperfect gravity compensation and the
control rate. Even though these imperfections are not present in the simulation,
it shows sub-millimeter errors. The joints in the physical model are not infinitely
stiff, as this increases the simulation time. Thus, large accelerations and forces
result in small Euclidean errors.

Finally, Figure 3.5(c) shows the residual gradient of the potential field along
the null-space vector. As expected, with 𝐸max = 0 J, the initial gradient of
1.36 × 104 N m does not change much during an experiment/simulation. In the
simulation environment, the residual gradient will reach values close to zero
for 𝐸max > 0 J. However, on the actual robot, the residual gradient is stuck at
values around 7 N m. This effect is also attributed to imperfections such as joint
frictions.

In Figure 3.6, the performance of the controller during trajectory tracking is
presented. In Figure 3.6(a), the planned trajectory is plotted together with the
actual trajectories for 𝐸max = 0 J and 𝐸max = 0.2 J. It shows that indeed the
bottom part of the planned trajectory is not reached. The controller performs
similarly for the two settings of the null-space impedance. Imperfections in
the trajectory are similar for both values of 𝐸max. The robot cuts the left
corner as 𝑯0

d is too far ahead. Additionally, the horizontal section is affected by
position-dependent imperfections in the gravity compensation. In Figure 3.6(b).
it is shown that the average of the joint position vector, 𝒒, is lower when the
null-space spring is activated, which is as expected. The dip, which is present
around 18 s, is due to the elbow of the robot changing sides at the lowest point

Table 3.1: The values of the various variables during simulations and experiments.

Variable Value Unit

𝑲o 100𝑰3×3 N m−1

𝑲t 1000𝑰3×3 N m rad−1

𝑫q 𝑴(𝒒) 40𝑰7×7 N m s rad−1

[𝛼1... 𝛼7] 60 -

[𝛽1... 𝛽7] 𝛽𝑖𝑞lim𝑖
= 𝑞lim𝑖

− 7∘
180∘ 𝜋 rad

[𝛾1... 𝛾7] 2000 N m rad−1
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of the trajectory. Figure 3.6(c) presents the position of joint four, which was
expected to reach the boundary of the safe zone. There is little difference between
both experiments since joint four plays a crucial role in keeping the current
EE configuration; hence, the optimization will not affect joint four. In both
experiments, the joint position reached the boundary but did not go much past
−𝛽4𝑞4, which is due to the joint limit avoidance torques.

3.4 Discussion
This work describes the formulation and implementation of a controller that
compliantly optimizes its range of motion and avoids joint limits. Its compliance
makes the controller ideal for an interactive and uncertain environment. The
controller depends on a virtual Cartesian equilibrium position as well as a virtual
joint space equilibrium. The Cartesian equilibrium is independent of the joint
space equilibrium, even if they are incompatible. Instead, the controller finds a
local minimum in joint space while respecting the EE configuration. Additionally,
joint constraints are respected if the current Cartesian position is unreachable,
starting from the current robot configuration.

Even though the presented controller performs similarly to controllers that
project the force in the null space utilizing a projection matrix, it has some
clear advantages. Methods that use the pseudo-inverse may perform poorly near
the boundaries of the workspace, whereas the null space vector always exists,
even if it is a zero vector. This paper only discusses one redundant DOF, but
if more DOFs are available, a linear combination of the null space vectors may
determine in which way the energy is released. An extra benefit of our controller
is the dynamic shaping of the spring stiffness. This enables the use of nonlinear
springs, and thus, user-defined prioritization of motions away from joints that are
currently closer to their limits. There are various ways of storage and discharge
of virtual energy that can still be explored: robots that need to move around a
known obstacle may change the stiffness of individual springs to prefer bending
a particular joint or set of joints. Additionally, the setpoints of the springs could
be changed dynamically. However, the nonlinear springs we implemented are
most suitable for the symmetric case. If other setpoints of the joint positions
and asymmetric spring stiffnesses are necessary, the FIRAS function used by
Khatib [143] may offer more flexibility.

Currently, the kinetic energy setpoint only bounds the release of energy
in the null space, so this neglects motions generated by the Cartesian spring.
Alternatively, the maximum allowable null space kinetic energy could be a
function of the total acceptable kinetic energy and the kinetic energy due to the
spring in the work space. For this, the work presented by Raiola et al. [160]
could be a good starting point .

The controller does not explicitly allow task stacking and prioritizing as in
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Muñoz Osorio et al. [146]. Therefore, it is likely that their controller performs
specific tasks more accurately while respecting the limits. However, our controller
does not show any oscillations either, and the lower gain makes it more suitable
for systems controlled at a lower rate. Several impedance controllers can be
placed in series to achieve more tasks simultaneously. Thus, hard limits such as
obstacles and self-collisions can still be implemented, as done in, e.g., [145].

3.5 Conclusion
We introduced a compliant pose optimization controller which functions alongside
a common geometric impedance controller. We showed that the kinetic energy is
bounded by dynamically changing the potential field and that the motion takes
place in the null space of the manipulator. Additionally, we showed that indeed
the robot moves towards a local minimum in the potential field. Finally, we
show that trajectory tracking is minimally influenced. The robot both optimizes
its configuration by minimizing the magnitude of the vector of joint positions
and actively prevents the robot from reaching a limit.
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Abstract
Current challenges in automated robotic breast ultrasound (US) acquisitions
include keeping acoustic coupling between the breast and the US probe, mini-
mizing tissue deformations and safety. This paper presents how an autonomous
3D breast US acquisition can be performed utilizing a seven-degrees-of-freedom
robot equipped with a linear US transducer. Robotic 3D breast US acquisitions
would increase the diagnostic value of the modality since they allow patient-
specific scans and have high reproducibility, accuracy and efficiency. Additionally,
3D US acquisitions allow more flexibility in examining the breast and simplify
registration with preoperative images like magnetic resonance imaging (MRI). In
the presented approach, the robot follows a reference-based trajectory adjusted
by a visual servoing algorithm. The reference trajectory is a patient-specific
trajectory coming from, e.g., MRI. The visual servoing algorithm commands
in-plane rotations and corrects the probe contact based on confidence maps.
A safety-aware, intrinsically-passive framework is utilized to actuate the robot.
The approach is illustrated with experiments on a phantom, which show that
the robot only needs minor pre-procedural information to image the phantom
consistently while relying primarily on US feedback
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4.1 Introduction
Ultrasound (US) imaging has become an essential diagnostic tool for breast
cancer detection. It is used to localize the lesion and confirm the pathology in
the diagnostic biopsy procedure. US has advantages over other imaging methods
because it is cheap, safe, and can display images of the region of interest (ROI)
in real-time. Furthermore, it is more reliable than mammography in detecting
cancers in dense breasted women and distinguishes between cystic and solid
lesions. Also, malignant lesions are recognized with 98 % confidence [161].

However, the use of handheld US has substantial limitations as well. The
accuracy of probe manipulation is highly operator-dependent, the reproducibility
is low, and the procedure is time-consuming. It is challenging to measure
structures of interest reliably because the images represent 2D cross-sections.
Finally, relating current images to 3D preoperative images during, e.g., US-
guided biopsies on magnetic resonance (MR)-detected lesions is complex due to
the lack of discernible spatial features.

3D US breast acquisitions would overcome these limitations: larger ROIs can
be imaged, arbitrary cross-sections of this ROI are possible, and more precise
measurements of the size and volume of lesions are possible. Moreover, it is
easier to register preoperative data like an magnetic resonance imaging (MRI)
of the breast with the intraoperative US data because a volume contains more
features than a 2D image.

Currently, there are several approaches to acquiring 3D US breast data.
Manual acquisitions can be divided into freehand scanning, mechanical scanning
and 2D array scanning [162]. Automated scanners include contactless scanners
which scan the patient in prone position, with the breast submerged in a liquid.
Other scanners scan the patient in supine position, the probe being in contact
with the breast [163]. Both automated systems have disadvantages: either
part of the signal is lost due to the US traveling through the liquid, or volume
reconstruction is complex due to deformation of the breast.

Compared to the conventional approaches, the advantages of utilizing a
robotically manipulated linear US probe for automated breast volume acquisitions
are plentiful. Robotic arms offer higher accuracy than other tracked systems
and enhanced dexterity and consistency than human operators. The linear US
probes are widespread in medical imaging and offer a higher resolution than
3D US probes. Thus, a robotic manipulator with a US probe can acquire high-
quality, accurately localized slices. In addition, acquisitions can be tailored to
the individuals’ breast shape, possibly making US volume reconstructions more
accurate and efficient. Robotics has already shown its potential in several other
medical US applications [95, 164, 165].

Nevertheless, there are also some challenges in automated robotic US breast
acquisitions. The breast is highly deformable, so there is a balance between
acoustic coupling and applied pressure. A deformed acquisition is more difficult
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to reconstruct and register with other modalities. Another aspect is the safety
of both the patient and the system operator.

Keeping contact can be achieved in several ways. In static situations, a
trajectory closely describing skin surface can be generated utilizing preoperative
images such as MRI and registering the trajectory with the patient in robot
coordinates. Trajectories can also be generated in real-time by reconstructing the
skin surface using commercially available 3D cameras [163]. However, having a
predefined trajectory does not guarantee probe contact since involuntary patient
movements or measurement inaccuracies may occur. Therefore, several studies
implemented force control strategies in their application [69, 73, 166–168]. While
normal force is closely related to acoustic coupling, it is not solely responsible
for high-quality images. Scanning with force feedback may unnecessarily deform
a softer breast, while the image quality may decline when scanning a stiffer
breast. Visual servoing algorithms link end-effector (EE) behavior to image
features. In [75] and [76], an intensity based method is proposed to control the
probe. Additionally, in-plane motions can be controlled using feature tracking
[77], while out-of-plane motions can be controlled by image moments [78], speckle
correlation [79] or block matching [169]. Recently, confidence maps have been
successfully implemented by [69, 166–168]. A confidence map represents the
confidence in the US signal in a pixel-wise manner. It has been used to avoid
imaging shadowing objects, achieve uniform probe contact, and optimize a target
region or the global image.

Safety is paramount in medical robotics since the robots operate in an
unstructured environment and interact with patients. Therefore, compliance of
the robotic arm should be introduced to account for uncontrolled impact and
patient movements. Several safety metrics have been suggested, such as Head
Impact Power and Head Injury Criteria, and safety-based controllers have been
implemented limiting the robot’s velocity, force, power, and energy [160].

This study aims to perform a breast shape-preserving, safe automated robotic
3D US volume acquisition of the breast. High-quality, patient-specific acquisitions,
obtained while considering safety, are necessary to bring applications like this
closer to clinical practice. We developed a setup to achieve this. The patient
is positioned in prone position, and an initial scanning trajectory is extracted
from the preoperative MRI. This scanning trajectory may not be accurate due
to deformations during repositioning of the patient or involuntary movements.
Thus, feedback is essential for autonomous scanning. Since force feedback may
have varying results over different breasts, we propose a system solely relying
on US feedback. Confidence maps are utilized to maintain the contact between
the probe and the breast and minimize the applied pressure. We implemented
the trajectory following and visual servoing adjustments in a safety-aware,
intrinsically-passive (SAIP) control framework to ensure the patient’s safety.
The performed experiments show that the robot consistently images a complex
scanning trajectory based on minimal pre-procedural input.
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Figure 4.1: A system overview. The robot is placed underneath the breast. Scanning is done
based on a reference trajectory adjusted with visual servoing information. A safety-aware,
intrinsically-passive controller actuates the robot.
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4.2 Automated robotic breast ultrasound

4.2.1 System overview
Figure 4.1 presents a system overview. The patient lies on a patient bed in prone
position with the examined breast through a hole such that it is freely accessible
for the robot. The robot is placed underneath the bed. It is equipped with an
EE holding a linear US transducer [170]. The robot follows a trajectory over the
breast surface with the US transducer to acquire a series of 2D US images for
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Figure 4.2: Tesselated phantom used for the experiments with in green the projected trajectory
and in blue the intersections.

3D volume reconstruction. This trajectory is based on preoperative images such
as MRI adapted with real-time visual servoing input coming from US confidence
maps. This trajectory is the input for a SAIP control algorithm that actuates
the robot. The different parts of the robot control are described in the following
subsections.

4.2.2 Path planning

The path is defined as a series of homogeneous matrices 𝐻0
ref(𝑖) located on the

patient’s skin, specifying the desired poses and positions of the transducer in the
robot base frame. A patient’s or phantom’s surface is obtained by converting
the MRI scan or the computer-aided design (CAD) file to a tessellated surface
reconstruction. The waypoints are generated by casting rays from a predefined
path like a line or spiral towards the surface (see Figure 4.2). The intersection
point of the ray with the surface is calculated utilizing the Fast, Minimum
Storage Ray/Triangle intersection [171]. These intersection points represent
the translation of the EE. The desired orientation of the EE is normal to the
skin in each position. This normal is extracted from the intersected triangle
utilizing the vertices. The x-axis’ orientation is obtained by the cross-product
of the z-axis and the unit-vector in the next point’s direction. The y-axis is
obtained by taking the cross-product of the z-axis with the x-axis. The correct
transformation of the waypoints relative to the base frame is acquired by manual
measurement or marker localization.
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4.2.3 Confidence maps
Confidence maps provide a per-pixel measure of uncertainty of the acquired
US image. Each US image 𝐼 ∶ Ω → [0, 1] is associated with a confidence map
𝐶 ∶ Ω → [0, 1] in which each pixel (𝑖, 𝑗) ∈ Ω ≔ [1..𝑛] × [1..𝑚] represents the
confidence of that pixel in the US image 𝐼(𝑖, 𝑗). The US image, 𝐼, is mapped to
the confidence map, 𝐶, based on the probability of a random walk starting from
a pixel (𝑖, 𝑗) and reaching each of the virtual transducer elements [172]. The
random walks algorithm meets three constraints: the top row of the US image
has confidence 1, the bottom row has confidence 0, and the signal obeys US-
specific propagation constraints [167]. Confidence maps accentuate attenuated
and shadowed parts of an image. As such, they are useful to estimate how the
probe is in contact with the skin.

4.2.4 Control strategy
The robot should move the US probe over the patient’s skin without losing
contact or causing too much compression. The general shape of the patient’s
body has been extracted from the MRI and localized relative to the robot.
However, small deformations or involuntary movements of the patient may cause
the actual trajectory to differ from the calculated trajectory. Thus, the probe
may inadvertently lose contact with the patient, press too hard, or partly contact
the skin. The confidence maps can be used to control two degrees of freedom of
the probe: the in-plane rotation and the translation in the z-direction of the EE
frame, Ψee, as defined in Figure 4.1. The predefined path determines the other
four degrees of freedom. Thus, the reference pose 𝑯0

ref(𝑖) of the probe at time 𝑖
is adjusted by 𝑯(𝑖)ref

adj according to:

𝑯(𝑖)0
vs = 𝑯(𝑖)0

ref𝑯(𝑖)ref
adj

= 𝑯(𝑖)0
ref𝑯(𝑖 − 1)ref

adj𝑯 (𝑖)adj
vs ,

𝑯 (𝑖)adj
vs = 𝑯Δz𝑯t𝑯Δθ .

(4.1)

𝑯 (𝑖)ref
adj is composed of the current and previous outputs of the visual servoing

algorithm, 𝑯adj
vs and 𝑯(𝑖 − 1)ref

adj, respectively. The visual servoing algorithm
outputs a translation, Δ𝑧, in z-direction, 𝑯Δz, and a rotation, Δ𝜃, around
either end of the transducer, 𝑯t𝑯Δθ. 𝑯𝑡 helps expressing the rotation in the
correct frame by a transformation of half the probe-width along the x-axis of
the transducer.

Two features are extracted from the confidence maps that indicate whether
rotation or translation in the z-direction is needed to improve the contact of the
US probe with the skin. Only the top section, 𝑃 ⊂ Ω, of the confidence map is
used for feature extraction to make these features independent of the patient’s
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physiology. This section of the female breast consists of skin and fatty tissue,
while further from the surface, muscle tissue and ribs are located, which are not
US transparent.

As shown in Figure 4.1, if the probe is in contact with the skin on one side,
the confidence is unevenly spread over the image. The confidence weighted
barycentre, 𝜇, of the confidence map gives a measure of how the confidence is
divided over the image and is defined as

𝜇𝑖 = 1
𝐶P

∑
(𝑖,𝑗)∈𝑃

𝑖 ⋅ 𝐶(𝑖, 𝑗) ,

𝜇𝑗 = 1
𝐶P

∑
(𝑖,𝑗)∈𝑃

𝑗 ⋅ 𝐶(𝑖, 𝑗) ,
(4.2)

with 𝐶P = ∑(𝑖,𝑗)∈ 𝐶 (𝑖, 𝑗) the total confidence. The pixel indices 𝜇𝑖 and 𝜇𝑗
are converted to coordinates in the EE frame, 𝜇𝑧 and 𝜇𝑥, respectively. The
desired x-coordinate of the barycentre is around 0, as this indicates the probe
is oriented normal to the skin. The angle between the central scan line (𝑥 = 0)
and the line passing through the origin and the barycentre is a measure for the
error between the current and the desired pose of the probe 𝑒θ = arctan 𝜇𝑥

𝜇𝑧
.

The mean confidence 𝐶mean of a US image indicates which portion of the
transducer area is in contact with the skin as the breast is a curved surface:

𝐶mean = 1
𝑚 ⋅ 𝑛

∑
(𝑖,𝑗)∈𝑃

𝐶 (𝑖, 𝑗) . (4.3)

The error is defined by the set mean, 𝐶set, and the currently measured mean
confidence, 𝐶mean: 𝑒c = 𝐶set − 𝐶mean.

A simple PD controller controls the confidence weighted barycentre and the
mean confidence. The error is scaled with a third-order function to give large
errors more weight than small ones. For safety reasons, the maximum deviation
of the visual servoing algorithm with respect to the original reference path is
limited.

4.2.5 Safety-aware intrinsically-passive controller
The control architecture of the robot is implemented according to the SAIP
control scheme presented in [160]. Impedance control is practical in human-
robot interaction because environmental uncertainty requires compliant robotic
behavior. Safe human-robot interaction can be warranted by monitoring the
energy and power output of the robot. Passivity is a fundamental criterion of a
system because if passivity is not preserved, the possibility exists that a passive
environment destabilizes the robot [173]. The definition of a passive system is a
stable dynamic system of which the total energy is never higher than the sum of
its initial energy and any external energy supplied to it by interaction.
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Impedance control

For a detailed overview of the implementation of the controller, please refer to
[160]. The dynamic equation of the controlled system is given by

𝑴(𝒒) ̈𝒒 + 𝑪(𝒒, ̇𝒒) ̇𝒒 + 𝑭(𝒒, ̇𝒒)T + 𝑮(𝒒)T = 𝑱T (𝒒) 𝑾 0T
⏟⏟⏟⏟⏟
elastic wrench

−𝑩 ̇𝒒 + 𝑱T (𝒒) 𝑾 0T
⏟⏟⏟⏟⏟
external wrench

,

(4.4)
where 𝑱(𝒒) is the manipulator jacobian, 𝑴(𝒒) is the inertia matrix, 𝑪(𝒒, ̇𝒒)
represents the Coriolis and centrifugal terms, 𝑭(𝒒, ̇𝒒) contains the friction forces,
𝑮(𝒒) is the gravitational term, 𝑩(𝒒) represents the damping and 𝒒 is the vector
with joint positions. The elastic wrench and the external wrench are wrenches
applied to the EE induced by the virtual spring and external forces, respectively.
The control law for the actuator torques, 𝝉a, then becomes:

𝝉T
a = 𝑱T(𝒒) 𝑾 0T −𝑩(𝒒) ̇𝒒+𝑱T(𝒒) 𝑾 0T − ̂𝑪(𝒒, ̇𝒒) ̇𝒒− ̂𝑭 (𝒒, ̇𝒒)T − ̂𝑮(𝒒)T . (4.5)

̂𝑪(𝒒, ̇𝒒), ̂𝑭 (𝒒, ̇𝒒), and ̂𝑮(𝒒) are compensation terms for Coriolis and centrifugal
forces, for friction forces and gravity forces respectively.

Safety-aware impedance control

Both energy and power should be monitored and limited to guarantee the safety
of the robot’s interaction. The total energy, 𝐸tot, of the robot is defined by the
kinetic energy and the potential energy stored in the virtual spring between the
current and desired position such that

𝐸tot = 𝑇(𝒒, ̇𝒒) + 𝑉(𝑹d
c , 𝒑d

c ) , (4.6)

in which 𝑇(𝒒, ̇𝒒) is the kinetic energy of the links, 𝑉(𝑹d
c , 𝒑d

c ) is the potential
energy in the virtual spring and 𝑅d

c and 𝑝d
c are respectively the rotation and

translation between the current and desired EE position. Energy limitation
of 𝐸tot is achieved by modifying the stiffness of the virtual spring and thus
the potential energy. A scaling factor, 𝜆, is defined, which scales the stiffness
matrices to limit the potential energy:

𝜆 = {
1 for 𝐸tot ≤ 𝐸max
𝐸max−𝑇(𝒒, ̇𝒒)

𝑉(𝑹d
c ,𝒑d

c ) for 𝐸tot > 𝐸max
. (4.7)

Because the potential energy scales linearly with the stiffness of the virtual
spring. The total energy of the system becomes

𝐸tot = 𝑇(𝒒, ̇𝒒) + 𝜆𝑉(𝑹d
c , 𝒑d

c ) . (4.8)
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The total power flow 𝑃c from the controller to the robot is defined by the power
𝑃m for motions of the robot and the power 𝑃g consumed for compensating the
gravity and keeping the robot in its current configuration:

𝑃c = (𝑱T (𝒒) 𝑾 0T − 𝑩 (𝒒) ̇𝒒)
T

̇𝒒⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
𝑃m

+ ̂𝑮 (𝒒) ̇𝒒⏟
𝑃g

. (4.9)

𝑃m represents the power that can be transferred to the environment while 𝑃g is
used by the robot itself to compensate its weight. Thus, 𝑃m should be limited
to a value 𝑃max to prevent injuries. This is done by adding a scaling factor, 𝛽,
to the damping:

𝛽 = {
1 for 𝑃c ≤ 𝑃max
𝑱T(𝒒)𝑾 0T ̇𝒒−𝑃max

̇𝒒T𝑩(𝒒) ̇𝒒 for 𝑃c > 𝑃max
. (4.10)

The resulting power of the system is

𝑃c = (𝑱T(𝒒) 𝑾 0T − 𝛽𝑩(𝒒) ̇𝒒)
T

̇𝒒 + ̂𝑮(𝒒) ̇𝒒 . (4.11)

To summarize, the energy in the system and the power flow from the controller to
the robot are monitored by the controller, which scales the stiffness and damping
to ensure that both stay within limits.

Assuring passivity

Passivity is assured by adding an energy tank to each joint. For each joint, the
energy tank 𝐻(𝑠) is modeled as a spring with a constant stiffness such that the
energy in the tank is defined as 𝐻(𝑠) = 1

2 𝑘 𝑠2. The spring is connected to the
joint via a transmission ratio 𝑢𝑛 such that the port-Hamiltonian formulation
becomes

( ̇𝑠𝑛
𝜏o𝑛

) = ( 0 𝑢𝑛
−𝑢𝑛 0 ) (𝑠𝑛

̇𝑞𝑛
) , (4.12)

in which 𝑠𝑛 is the spring state of joint 𝑛, ̇𝑞 is the joint velocity, 𝜏o𝑛
is the torque

at the output and 𝑢𝑛 is defined as

𝑢𝑛 = {
−𝜏c𝑛

𝑠𝑛
for 𝐻𝑛(𝑠𝑛) > 𝜖

−𝜏𝑐𝑛
𝛾2 𝑠𝑛 otherwise

, (4.13)

where 𝛾 =
√

2 𝜖, 𝜏c𝑛
is the torque computed by the safety-aware controller

and 𝜖 is a threshold value which indicates a nearly empty tank. When this value
is reached, the transmission ratio does not become zero. This way, a control
action still takes place and prevents recharging of the tank due to the inertial
motion of the other links. The torque output sent to joint 𝑛 is

𝜏o𝑛
= −𝑢𝑛 ⋅ 𝑠𝑛 . (4.14)
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Figure 4.3: The setup used for the experiments.

4.3 Experimental validation

4.3.1 Experimental setup
An experimental setup was devised on which the designed controller was im-
plemented and tested (Figure 4.3). It consists of a KUKA LBR Med 7 R800
(KUKA GMBH, Germany). The manipulator is equipped with an EE holding
a linear probe (VF13-5, Siemens AG, Germany). The probe to flange transfor-
mation is extracted from the CAD data of the EE. The US probe is connected
to a US machine (X300, Siemens AG, Germany), which streams the US images
with an update rate of 24 Hz to a workstation via a capture card (Pro Capture
DVI HD, Magewell, China). Each US image is resized to 100 by 145 pixels
before converting it to a confidence map to achieve a 24 Hz update frequency
of the visual servoing algorithm also. The workstation communicates with the
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manipulator via the fast research interface (FRI) with an update rate of 200 Hz.
A phantom was constructed utilizing polyvinyl chloride plastisol (PVCP)

(Lureparts, The Netherlands). The shape, shown in Figure 4.2, is chosen to
specifically test how the system responds to both the required in-plane rotations
and z-translation to keep contact.

4.3.2 Experiments
Four paths over the phantom were generated utilizing the phantom’s CAD file.
Path 1 contains homogeneous matrices as generated by the planning algorithm.
In paths 2 and 3, the rotational and z-translational components were kept
constant, respectively. Thus, the algorithm either compensates only for in-plane
rotations or z-translations. Path 4 contains the correct x- and y-coordinates, and
the controller has to compensate for both in-plane rotations and z-translations.

4.3.3 Results
Each described path was executed five times with (w/) and without (w/o) the
visual servoing controller activated, and averaging was applied. Table 4.1 shows
an overview of the US acquisition results during scanning of each path w/ and
w/o controller. The average mean confidence 𝐶mean of all images during a scan
is taken as a quality measure. Three out of four paths show an improvement in
mean confidence. In path 1, a decrease in confidence of 5.9 % is observed. In
path 2, the smallest improvement in confidence is achieved. The reference path
contained the correct z-positions, and therefore, the probe was always half in
contact with the phantom when not using the controller. Paths 3 and 4 show the
most significant improvements since the lack of correct z-data meant that the
probe mostly lost contact with the phantom if the controller was not activated.

Table 4.1: An overview achieved average 𝐶mean during the US acquisitions for each path with
(w/) and without (w/o) the controller activated. The ratio is defined by dividing the average
confidence w/ controller by the average confidence w/o controller.

Path Controller Avg. 𝐶mean Ratio

1 w/o 0.911 0.941w/ 0.857

2 w/o 0.768 1.116w/ 0.857

3 w/o 0.232 3.621w/ 0.840

4 w/o 0.203 3.971w/ 0.818
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Figure 4.4: The mean confidence (top), z-adjustments (middle) and 𝜃-adjustments (bottom)
for paths 1 (a) and 4 (b) plotted over the length of the traveled path for scans with (w/) and
without (w/o) the controller activated. The opaque regions show minimum and maximum
values measured during 5 scans. In the middle and bottom graph, the dashed line indicates
the expected compensation necessary to align the probe with the phantom surface.
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w/o w/

Figure 4.5: A US image of path 1 taken at 76 mm from the start for both w/o controller and
w/ controller. The high intensity line is the bottom of the phantom. The right image is less
compressed and more balanced.

In Figure 4.4(a) presents the measurement data of path 1. The path described
the phantom surface; thus, no corrections of the visual servoing algorithm were
expected. However, the 𝜃- and z-adjustment were non-zero during most of the
trajectory. Also, the trajectory w/o controller had lower confidence in the second
half of the trajectory. The most probable cause is that the robot to phantom
calibration — which was done by hand — was inaccurate, and thus, the phantom
had a different position than the generated waypoints. Other causes could
include inaccuracies in the US probe to flange calibration or the phantom surface
compared to the reference path. The US images presented in Figure 4.5 show
how the phantom was more compressed w/o controller than it was w/ controller
at 76 mm. Based on these results, the controller seems to compensate for biases
in the phantom’s position relative to the followed path.

Figure 4.4(b) presents an overview of path 4. The contact was lost shortly
after the start of scanning w/o controller. This was anticipated, as the reference
path only contained the correct x- and y-coordinates. During scanning w/
controller, the average mean confidence was 0.818, which is an improvement
of 397.1 % compared to scanning w/o controller. Figure 4.4(b) shows that the
confidence was less stable during the first half of scanning. During this half,
the phantom slope moves away from the transducer. The slope moves towards
the transducer during the second half, and thus, the confidence is more stable.
The z- and 𝜃- adjustments are shifted with respect to the expected adjustments,
indicating that the measured phantom position deviated from its actual position.
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4.4 Discussion
This study demonstrates an approach to automatic robotic 3D breast US ac-
quisition. The approach focuses on optimizing acoustic coupling, minimizing
deformation and assuring patient safety. We show how a patient-specific trajec-
tory is generated and how the trajectory is adjusted based on confidence maps.
The output is passed to the SAIP controller actuating a seven-degrees-of-freedom
manipulator. Although more elaborate testing is needed, the current results
indicate the system can reproducibly perform US acquisitions: Table 4.1 shows
that with the visual servoing algorithm activated, the average confidence values
over a trajectory are pretty similar. Overall, the results show that the acquisition
benefits from US feedback, either deformation-wise or image quality-wise. Our
results for in-plane rotations based on confidence maps are comparable to other
studies which implemented this feature [69, 73, 167, 168]. Additionally, we show
that confidence maps can also be used to maintain contact with the patient.
Other studies used a force sensor for maintaining probe contact. The consistency
and the ability to generate patient-specific trajectories mean that the setup has
an advantage over current handheld and automated methods used in clinical
practice.

The setup mimicked a realistic clinical setting in which the robot is placed
underneath the patient and scans the patient in prone position. Nevertheless,
the setup is still experimental, and there are multiple aspects left to explore.

Firstly, we assumed that an MRI is available of the breast to generate a
trajectory. MRI/US fusion can be instrumental in performing robot-assisted
US-guided biopsies on lesions detected on an MRI. However, to make the system
stand-alone and decrease the cost of a robotic US acquisition, a scanner like the
one utilized in [163] could be added.

Further, the present phantom is not a breast phantom and is merely designed
to test the algorithm’s response to in-plane rotations and z-translations. A breast
phantom will require a more complex trajectory but may be more suitable for
the visual servoing algorithm since the changes in surface contact are less abrupt.

Currently, a PD controller is used to adjust the trajectory. The results
show that the mean confidence during a scan can be more stable and differs in
the second half of the trajectory compared to the first half. Though this had
partly to do with the complex phantom design, better tuning or other controller
implementations may improve the results.

Although a force sensor is currently not integrated into the setup, it may
still be practical to do this. Firstly, gathering force data during experiments
may be sensible to support our claim that less force is exerted. Additionally, a
combination of US and force data can be utilized to change the desired mean
confidence based on tissue deformation adaptively.

Further analysis is the SAIP controller may reveal the energy budgets and
energy and power limitations appropriate for this particular application.
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4.5 Conclusion
We proposed an approach for robotic 3D US acquisition of the breast. The
presented controller increases the average mean confidence of the ultrasound
images during a trajectory in case some information of the patient-specific
trajectory is missing. Also, the controller can correct for misalignments of the
patient relative to the planned trajectory. Although presented for breast volume
acquisitions, the approach is flexible enough for other applications.
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Abstract
Breast cancer affects one in eight women. Ultrasound (US) plays a vital role
in the diagnostic workflow, especially during the biopsy phase, in which tissue
is extracted from the lesion for further analysis. The extension from 2D to 3D
US acquisitions has multiple benefits, including enhanced lesion localization
and improved registration with magnetic resonance imaging data. Current
commercial 3D US systems cannot preserve the breast’s original shape. Robotic
US scanners follow tailored trajectories and produce high-quality volumes by
accurate localization of 2D slices captured with a conventional linear probe.
Current methods require a patient-specific model to plan the scanning trajectory.

In this study, we investigate how to change the direction of the scanning
trajectory based on US feedback, such that no patient-specific model is required
to perform a scan. In our method, the scanning trajectory is kept tangent to
the breast based on confidence maps of the US images and estimations of the
current radius of curvature of the surface. We evaluated our approach on a
realistic breast phantom. The robot revolves around the breast without prior
knowledge of its shape. In ten scans, the root mean square error between the
probe’s scanning plane and the breast’s surface normal is 12.6° out-of-plane and
4.3° in-plane. A 3D US reconstruction shows the acquired data. This is a step
forward to fully autonomous, high-quality robotic US volume acquisitions.
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5.1 Introduction
One in eight women is affected by breast cancer during her lifetime. Early
detection of suspicious lesions is known to reduce the mortality rate [28]. Several
imaging modalities play an essential role in detecting and diagnosing breast
cancer, such as mammography, ultrasound (US) and magnetic resonance imaging
(MRI).

The role of US in breast cancer diagnostics is versatile. A biopsy is required
if a lesion is found during an examination. This is a procedure in which some
tissue from the abnormality is removed with a needle for further examination.
A US-guided biopsy is the preferred biopsy method since this method gives
real-time feedback, is straightforward, relatively cheap, fast and causes less
patient discomfort than an MRI-guided biopsy. Additionally, US can play a role
in detecting breast cancer in females with dense breasts [174].

However, US has some limitations as well. The sensitivity of US is low
compared to, e.g., MRI. Therefore, lesions detected on MRI may be difficult to
see on US. Additionally, B-mode US images represent 2D cross-sections of the
tissue. These challenges, combined with the fact that the probe is manipulated
manually, make interpreting the spatial relation between imaged regions complex
and screening the entire breast time-consuming. Due to these limitations, a
US-guided biopsy may not be possible on an MR-detected lesion, and therefore
an MR-guided biopsy is necessary.

The extension of 2D US to 3D US images will partly solve these issues. A
3D US volume has multiple advantages over 2D US images: the interpretation of
spatial relations between internal structures is independent of the radiologist’s
ability to interpret individual slices, the lesion size is measured more accurately,
the reproduction of cross-sections at follow up studies is more straightforward,
and the registration of US data with MRI data is less complex due to more
available features [175].

Therefore, various solutions to produce 3D US volumes have been presented.
A 3D US probe can be realized by integrating a motorized 1D array of transducer
elements or extending to a 2D array of elements. These probes are suboptimal
since the fabrication is complex and latency of the image generation combined
with the unstable hand of the radiologist introduces errors [162]. Therefore,
many systems work with regular linear probes, of which the motions are tracked
through time and space. Examples of these are optically or electromagnetically
tracked freehand techniques [176]. Furthermore, linear probes can be integrated
on moving platforms to perform a reproducible tracked motion. Commercial
breast volume scanners are available in supine and prone variations. Supine
examinations cause significant deformation of the breast [163]. Prone examina-
tions, such as US tomography, cause less deformation, but the covered volume is
limited, and the system is not suitable for all breast shapes and sizes [56].

Theoretically, robots are ideal for performing 3D US acquisitions because



5

70

they produce reproducible, precisely tracked motions. This results in evenly
spaced US images and eases the volume reconstruction. Multiple degrees of
freedom (DOFs) allow for complex trajectories adapted to the individual’s breast
shape, and robots do not suffer from fatigue.

Usually, robotic US volume acquisitions consist of two steps: localization and
scanning. The patient should be localized to plan the subsequent scanning phase.
Current methods are surface reconstruction based on stereo cameras [68] or a
depth camera [163] and the registration of MRI data based on multi modality
markers [170]. Patient-specific paths may be generated by projecting a generic
path on a tessellated surface representing the patient [139].

Although the patient’s position was determined during the localization phase,
the pre-planned path may not follow the breast’s shape perfectly. This can
be due to inaccuracies in the surface reconstruction or involuntary movements
of the patient, such as breathing. There are several methods to compensate
for inaccuracies of the pre-planned trajectory compared to the actual patient.
Impedance control is often utilized to account for minor deviations and ensure safe
interactions between the robot, the patient, and the radiologist [71, 99, 177, 178].
However, some form of feedback during scanning is preferred to ensure good
acoustic coupling of the US probe with the skin. Sensing mechanisms currently
employed in automated scanning are force feedback and image feedback. Force
feedback is mainly used to keep a constant pressure during scanning as well as
to align the probe with the surface normal of the tissue [69–71, 73, 163, 179].
Kim et al. [76] link the applied force to the image quality. Our previous work
showed that confidence maps are also an option to keep the US probe in contact
with the tissue [139]. The advantage of image feedback over a constant normal
force is the application of similar deformations for both softer and harder tissue.
Additionally, confidence maps have been used to balance the probe contact
with the tissue [69, 70, 73, 139]. Other visual servoing techniques, which connect
end-effector (EE) behavior to image features are intensity-based methods, feature
tracking algorithms, image moments and speckle correlation or block matching
[75, 77–79, 169].

In this paper, we investigate how to utilize current and past US images to
perform corrections on the path not only in-plane, like in our previous work
[139], but also out of the US plane. The advantage is that the robot will find
its way around the breast autonomously, and thus the localization step can be
omitted. The out-of-plane corrections are achieved by keeping the confidence
constant and estimating the radius of curvature. The probe’s scanning plane
is kept perpendicular to the tangent plane of the surface and thus follows the
breast’s shape. The approach is validated utilizing experiments on a realistic
breast phantom.
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5.2 The scanning algorithm

5.2.1 System overview
Figure 5.1 shows an overview of the system. The patient lies in prone position
on a bed with the examined breast through a hole such that it is freely accessible
by the robot. The robot is placed underneath the bed and is equipped with an
EE carrying a US probe [170]. The robot’s initial position coincides with the
first pose and position of the initially planned trajectory. This trajectory is a
straight line at a specified height in the negative y-direction of the EE frame, Ψee.
Once the scanning is started, the robot first localizes the breast surface. During
scanning, the robot tries to keep the trajectory tangent to the surface based on
the confidence of incoming US images (Figure 5.1(b)). It does so by transforming
the remaining part of the trajectory with the depicted transformations. The
functioning of the various components is further elaborated in the following
sections.

5.2.2 Operational space control
Operational space control, originally introduced by [180], is an approach to
achieve desired EE behavior by applying virtual forces to the EE and mapping
these to the joint space of the robot. The control signal for the torques on the
joints, 𝝉c, is expressed as

𝝉c = 𝑱T(𝒒) 𝑴𝑥(𝒒) (𝒌p (𝒙d − 𝒙) + 𝒌d (�̇�d − �̇�)) , (5.1)

where 𝒒 is the vector with joint positions, 𝑱T(𝒒) is the Jacobian transpose, which
maps the forces from the operational space to the joint space, 𝑴𝑥 is the inertia
matrix of the robot expressed in the operational space, which is

𝑴𝑥(𝒒) = (𝑱(𝒒) 𝑴−1
q (𝒒) 𝑱T(𝒒))−1 , (5.2)

in which 𝑴q(𝒒) is the mass matrix of the robot expressed in joint space. 𝒌p is
the spring constant, 𝒙d and �̇�d are the desired position and velocity, respectively,
𝒙 and �̇� are the current position and velocity in the operational space, respec-
tively, and 𝒌d is the value of the damper. 𝒙d is extracted from a homogeneous
transformation matrix, 𝑯0

d , which is generated by the visual servoing algorithm
and describes the desired configuration of the EE-frame, Ψee, with respect to
the base frame, Ψ0. In our work, the desired velocity, �̇�d, is zero.

5.2.3 Confidence maps
Karamalis et al. [172] originally introduced confidence maps to highlight atten-
uated regions of a US image. As such, they are useful to gain insight into the
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Figure 5.1: A system overview. (a) A 7-DOFs manipulator with an end-effector is placed
underneath the patient’s breast. The reference trajectory is initially a straight line, but is
wrapped around the breast in real-time based on the visual servoing algorithm. (b) Three
probe adjustments can be performed based on US feedback and past EE positions: a rotation
around the EE y-axis based on the bary center, a movement in the z-direction based on the
mean confidence, or a rotation around the x-axis based on the current radius of curvature and
the mean confidence.
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acoustic coupling of the probe with the skin. Each pixel (𝑢, 𝑣) of an image is
located in Ω ≔ [1..𝑛] × [1..𝑚]. A confidence map 𝐶 ∶ Ω → [0, 1] is a pixel-wise
representation of the uncertainties in a US image 𝑈 ∶ Ω → [0, 1]. The map,
𝑓 ∶ 𝑈 → 𝐶, is based on the probability of a random walk starting from a pixel and
reaching each virtual transducer element. The random walk equilibrium meets
three constraints: the top row of the US image has confidence 1, the bottom
row has confidence 0, and the signal path conforms to US-specific propagation
constraints. In Figure 5.1(b), examples of US images and their corresponding
confidence maps are presented. Two features of the confidence maps are useful
for adjustments of the pose and position of the probe: the mean confidence,
𝐶mean, and the barycenter of the confidence, 𝜇.

The mean confidence is a measure for the area of the transducer being in
contact with the skin. It is defined as

𝐶mean = 1
𝑛 ⋅ 𝑚

∑
(𝑢,𝑣)∈Ω

𝐶 (𝑢, 𝑣) . (5.3)

If the mean confidence is controlled around a setpoint, 𝐶s, a constant amount
of contact with the skin is ensured. The confidence error is defined as: 𝑒c =
𝐶s − 𝐶mean.

The barycenter of the confidence is defined as

𝜇𝑢 = 1
𝐶Ω

∑
(𝑢,𝑣)∈Ω

𝑢 ⋅ 𝐶(𝑢, 𝑣) ,

𝜇𝑣 = 1
𝐶Ω

∑
(𝑢,𝑣)∈Ω

𝑣 ⋅ 𝐶(𝑢, 𝑣) ,
(5.4)

with 𝐶Ω = ∑(𝑢,𝑣)∈Ω 𝐶 (𝑢, 𝑣) the total confidence. The pixel indices 𝜇𝑢 and 𝜇𝑣
correspond to EE coordinates 𝜇𝑧 and 𝜇𝑥, respectively. A centered contact will
result in 𝜇𝑥 = 0. As in-plane rotations have an influence on the barycenter, the
error is defined as 𝑒µ = arctan 𝜇𝑥

𝜇𝑧
radians.

The controller only utilizes the top of the confidence image to make both
features independent of the patient’s physiology; the first layer of tissue always
consists of skin and fatty tissue.

5.2.4 Continuous contact
A controller is designed to maintain the mean confidence and the barycenter at
the setpoints and, as a result, keep contact during a scan. Initially, the planned
path is a straight line; its waypoints are listed in an array of transformation
matrices, 𝑯0

ref(𝑗), 𝑗 indicating the current entry.
As outlined in Figure 5.1(b), three types of transformations are applied to

the initial trajectory: 𝑯θ rotates the probe around its y-axis, 𝑯𝑧 is adjusted to
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Figure 5.2: The robot controller has three states: The initialization state, the scanning state
and the recovery state. The initialization state ensures the initial contact. The scanning state
takes new waypoints and continues the trajectory along the breast. The recovery state regains
contact if the confidence is insufficient.

translate the waypoints towards or away from the breast, and the out-of-plane
transformation, 𝑯oop, is used to give the trajectory a new direction. The desired
configuration of the EE in the 𝑖-th control iteration, 𝑯0

d(𝑖), is defined as

𝑯0
d(𝑖) = 𝑯oop(𝑖) 𝑯0

ref(𝑗) 𝑯𝑧(𝑖) 𝑯θ(𝑖) . (5.5)

𝑯θ(𝑖) is adjusted to maintain the confidence barycenter at its setpoint. This
is performed by a PID controller, and the updated matrix is defined as:

𝑯θ(𝑖) = 𝑯θ(𝑖 − 1) [Rot𝑦(𝜃) 03×1

01×3 1 ] , (5.6)

in which 𝑖 − 1 indicates the previous control iteration and Rot𝑦(𝜃) is a rotation
matrix around the y-axis of 𝜃 radians.

A state machine is designed to apply modifications to 𝑯𝑧(𝑖) and 𝑯oop(𝑖)
in a coordinated manner (Figure 5.2). It consists of three states: initialization,
scanning and recovery.

Initialization state

This state ensures acoustic coupling between the breast surface and the US probe
at the start of the scan. To achieve this, next to 𝑯θ(𝑖), 𝑯𝑧(𝑖) is manipulated
by a PID controller. 𝑯𝑧 is defined by

𝑯𝑧(𝑖) = 𝑯𝑧(𝑖 − 1) [𝑰3×3 𝑑 ̂𝒛
01×3 1 ] , (5.7)

in which 𝑰 is the identity matrix, 𝑑 is the displacement and ̂𝒛 is the unity vector
in the z-direction.

A mean confidence range, 𝐶r, has been defined with the lower and upper
boundary being 𝑏min and 𝑏max, respectively, such that: 𝐶r = [𝑏min, 𝑏max]. The
probe is in contact if 𝐶mean ∈ 𝐶r and the controller moves on to the next state.
In this state: 𝑯oop = 𝑰4×4 .
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Scanning state

The robot moves along the path by incrementing 𝑗 every control iteration. 𝑯oop(𝑖)
is adjusted to maintain the confidence setpoint. If the confidence decreases while
performing a linear motion, the surface is expected to be convex, whereas
increasing confidence indicates a concave surface. As such, a PID controller can
adjust the direction of the scan to maintain the confidence setpoint. Additionally,
the radius of curvature of the surface is estimated by applying a Taubin circle fit
on a window of the past trajectory [181]. Therefore, a prediction of the change
in direction is available as well.

The out-of-plane transformations perform a rotation around a frame defined
by the orientation of the reference path and the origin of the current EE position.
The transformation is expressed in the base frame of the robot such that 𝑖-th
out-of-plane rotation is defined as:

𝑯oop(𝑖) = 𝑯oop(𝑖 − 1) ⋅

[𝑹0
ref 𝒑0

ee
01×3 1 ] [Rot𝑥(𝜙)3×3 03×1

01×3 1 ] [𝑹0
ref 𝒑0

ee
01×3 1 ]

−1 , (5.8)

in which 𝑹0
ref is the orientation of the current reference waypoint, 𝒑0

ee is the
current position of the EE and Rot𝑥(𝜙) is a rotation around the x-axis by 𝜙
radians. In this state, 𝑯𝑧 is kept constant. The controller goes to the recovery
state if 𝐶mean ∉ 𝐶r.

Recovery state

The controller adjusts 𝑯𝑧(𝑖) to regain sufficient contact with the skin. Addi-
tionally, 𝑯oop(𝑖) is adjusted such that the EE is again perpendicular to the
newly estimated tangent. The controller moves back to the scanning state if
𝐶mean ∈ 𝐶r.

Table 5.1 gives an overview of which manipulation is performed in which
state of the state machine.
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5.3 Experimental validation

5.3.1 Experimental setup
The setup (Figure 5.3) consists of a 7-DOFs robotic manipulator (KUKA Med 7
R800, KUKA GmbH, Germany) to which an EE is connected. The EE holds an
L12-5L40S-3 linear US probe (Telemed UAB, Lithuania). The transformation
of the transducer with respect to the flange is retrieved from the computer-
aided design file of the EE. The US probe is connected to a MicrUs EXT-1H
(Telemed UAB, Lithuania), which streams the 27×40 mm (w×h) US images
with an update rate of 40 Hz to a workstation via a server. This workstation
runs the algorithms and communicates via the fast research interface with the
manipulator [159].

A breast phantom was made based on the surface reconstruction of a breast
MRI of a woman lying in prone position. Two molds were printed: an outer mold
with the breast shape and an inner mold. The inner mold was placed inside the
outer mold to create a 5 mm thick skin layer, which was filled with a polyvinyl
chloride plastisol (PVCP)/Plasticizer (100 % / 0 %) mixture (Bricoleurre, France).
Then, the inner mold was removed. The remaining volume was filled with a mix
of PVCP/Plasticizer (100 % / 0 %) strands and PVCP/Plasticizer (70 % / 30 %)
to create a randomized structure resembling the fatty and glandular tissue in
an actual breast. Silica powder was added to all mixtures in varying amounts

Table 5.1: Overview of the various manipulations to the current desired position and the
corresponding states in which they are performed.

Control action State

Initialization Scanning Recovery

Hz
3 3

Hθ
3 3 3

Hoop
3 3

Href  (j++)0

3
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(b)
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Telemed
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Markers(a)

Figure 5.3: The setup. (a) A close-up of the EE and the phantom with the skin markers
indicated. (b) An overview of the setup with indicated: the KUKA MED medical robot, the
EE, the phantom and the Telemed ultrasound machine.

(0-1wt.%) to give the tissue varying degrees of echogenicity. The fatty tissue in
this breast is up to ten times stiffer than actual fatty tissue; the skin layer has a
stiffness comparable to real skin [182–184].

Five skin markers were fabricated from PVCP mixed with a green colorant
(LUPA coloring, LureParts, The Netherlands). These were attached to a 1 mm
PET disk and glued on the phantom. The markers are used for MRI data to
robot registration during the experiment.

The breast was placed centered above the robot at a height of approximately
1.1 m (Figure 5.3). This configuration resembles a patient lying in prone position
on the bed.

5.3.2 Experiments
The fabricated phantom was scanned ten times. A scan contained the following
steps: US gel was applied to the phantom with a brush. The EE was aligned with
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Figure 5.4: (a) The average confidence, 𝐶mean along the trajectory for ten scans. (b) The
average error of the barycenter, 𝑒µ, for ten scans. The opaque region indicates the standard
deviation.

the first location of the path, (𝑥, 𝑦, 𝑧) = (0.06, 0, 1.01) m. The y- and z-axis of
the EE were aligned with the -y and x-axis of the base frame, respectively. The
probe surface was located at 2 cm from the breast surface in this position. The
scan was started and the robot automatically navigated along the breast surface
with a velocity of 2.5 mm s−1. A scan was stopped when the robot had executed
approximately 360° around the breast. The confidence setpoint, 𝐶s, was 0.50.
The confidence range in which the scanning state is active was 𝐶r = [0.35, 0.7].
The boundaries were chosen asymmetric because higher confidence is preferred
over no contact. Additionally, a phantom-to-robot calibration was performed
with stereo cameras to evaluate the quality of the US acquisitions afterward.

5.3.3 Results
The robot successfully revolved around the breast ten times. All plots are
shown in polar coordinates with the breast at its center because the trajectory
approximates a circle.

In Figure 5.4, the mean confidence and the error of the barycenter are plotted.
The root mean square (RMS) error of the confidence was 0.08. The confidence is
mostly above the setpoint of 0.5 because too low confidence was penalized more
by the controller than too high confidence due to the asymmetric boundaries that
determine the robot state. The barycenter was on average −2.2° off, whereas
the RMS error is 12.2°.
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Figure 5.5: (a) The average out-of-plane error of the probe with respect to the surface normal
of the breast for ten scans. (b) The average in-plane error of the probe relative to the surface
normal of the breast for ten scans. The opaque region indicates the standard deviation.

The EE’s z-axis should be collinear with the breast’s surface normal. To this
end, the probe can rotate around the EE’s x- and y-axis. We assessed the EE’s
orientation relative to the phantom using the camera calibration and the surface
reconstruction of the phantom. The out-of-plane error is defined as the angle
between the breast’s surface normal and the image plane. Thus, the rotation
around the EE’s x-axis that is necessary to align the image plane with the surface
normal. The in-plane error indicates how much the rotation around the EE’s
y-axis is off. Fig. 5(a) and (b) present the out-of-plane and the in-plane error,
respectively. On average, the out-of-plane error is −7.6°, and the RMS error
12.6°. At 0°, the error builds up in the negative direction because the robot did
not record enough data to estimate the radius of curvature yet. Around 180°,
the error becomes positive since the breast’s cross-section is ellipse-shaped (see
Figure 5.6(a)), and the algorithm underestimates the radius of curvature on the
flatter side. The mean in-plane error is 4.0°, and the RMS error is 4.3°. As
expected, these numbers have the same order of magnitude as the errors in the
barycenter.

Figure 5.6(a) shows the robot trajectory together with the breast surface.
Based on this data, the mean deformation is (5.3 ± 3.5) mm, and the breast is
most deformed around 0° and 210°. This effect is also due to the algorithm’s
tendency to underestimate after a transition from a small to a large radius of
curvature. Additionally, at 210°, the EE’s xy-plane is almost aligned with the
world’s xy-plane. The steep inclination of the breast’s surface at this position
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makes this plot sensitive to this section’s calibration errors.
Figure 5.6(b) shows the confidence in the US images at 𝑧 = 1.01 m for scan

No. 9. The graph shows a confidence that is higher than the average confidence
as shown in Figure 5.4(a) in most sections. The confidence is usually the highest
in the middle of an image. This cross-section is taken at the middle of all
acquired images and represents the highest confidence found for each location.
From this image, it is clear that the breast volume is mostly covered with high
confidence data. The confidence is lower in the middle because the confidence
decreases the further it travels through the phantom. A section in the middle
has no image data, and thus, no confidence data.

Figure 5.6(c) shows the reconstructed US cross-section. This reconstruction
is based on the acquired US data, and a deformation compensation is applied
based on the original shape as extracted from the MRI images of the phantom.
Some features of the phantom are clearly distinguished, such as the 5 mm thick
skin layer.

5.4 Discussion
This study presents an approach for fully automated robotic breast volume US
acquisitions. The approach was tested in a realistic clinical setting with a breast
phantom placed in prone position over the robot. The robot follows the breast
surface without prior knowledge.

Our results show that it is feasible to control three DOFs of the EE based on
confidence maps: a translation in the z-direction of the EE, an in-plane rotation
and an out-of-plane rotation. This is an improvement over our previous study
[139], which was able to control two degrees of freedom.

The addition of an extra DOF has a significant impact on the robotic US
acquisition workflow. Other studies use some form of prerequisite information on
which the US scan is based. This information is often a surface reconstruction of
the scanned area and can be acquired with stereo cameras [68], a depth camera
[163], or registration with a MRI images [139]. In our implementation, the robot
revolves around the breast based on a generic initial path and US feedback.
Calibration steps between the camera, the robot and the patient, the extra time
taken by recording the surface data or the necessity of a preoperative MRI are
all ruled out because the system depends only on US data. Additionally, the
complexity of the EE is reduced to just a linear US probe.

However, the US volume reconstruction becomes more complex if the pre-
procedural surface reconstruction is absent because the initial state is unknown
compared to the compressed state. In our study, we utilized the camera calibra-
tion and the surface reconstruction of the phantom for deformation compensation
in the US volume reconstruction. Currently, we are investigating whether transi-
tions from low to high confidence allow us to reconstruct the original breast shape
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Figure 5.6: (a) The anticipated cross-section (green) of the breast at height 𝑧 = 1.01 m and the
the average US probe’s position (red) for ten scans. The opaque region indicates the standard
deviation. (b) The confidence in the US signal in the cross-section of the breast at 𝑧 = 1.01 m
for scan No. 9. This scan was the closest to the average trajectory shown in (a). (c) The
generated US cross-section of the breast based on the acquired data during scan No. 9.

during a scan. This allows both the robotic acquisition and the reconstruction
to be independent of prerequisite data.

The current implementation’s out-of-plane corrections still lag behind the
actual surface normal of the breast. Consequently, Figure 5.6(c) shows a section
without data in the middle. The lag is caused by the system’s dependence
on predicting the radius of curvature, which is based on a past section of the
trajectory. Therefore, the prediction is not accurate at the start of the scan.
Also, later during the scan, if the radius of curvature transitions from small
to large or vice versa too fast, the system adapts with a delay. Position-wise,
this delay is less present because the recovery state constantly reestablishes the
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probe’s contact with the skin.
The system’s performance should be further examined under different cir-

cumstances. Currently, the system was tested on one phantom with a specific
size, shape and material. Although the phantom is a representative example,
many variations occur in real-life scenarios, such as the quantity of US gel,
actual human tissue and patient movements. The robustness may be improved
by manually choosing the initial position of the probe, such that the initial
configuration can be adapted to the breast’s shape by, e.g., an initial in-plane
rotation. Differences in stiffness are expected to have a minor impact on the
results since the adjustments are based on image features, not on force.

Currently, the acquisition time is approximately 180 s, which is comparable
to existing systems [56]. However, total volume coverage may require multiple
sweeps at varying heights. Therefore, the scanning velocity and acquisition rate
may have to be increased in future work.

Overall, the presented method shows potential for autonomous breast volume
US acquisitions. The approach may also be applicable in other clinical settings,
such as skeletal muscle volume determination and abdomen screening.

5.5 Conclusion
This work investigates how to control three DOFs of the robot utilizing US
feedback. Based on a simple reference trajectory and real-time US and posi-
tion feedback, the robot finds its way around a complex shape like the breast.
Currently, the RMS error of the in-plane and the out-of-plane alignment of the
scanning plane with the surface normal is 4.3° and 12.6°, respectively. The defor-
mation caused by the probe contact with the skin is on average (5.3 ± 3.5) mm.
The acquired US data covers a significant part of the desired cross-section. The
obtained results show the approach’s potential, which may also be interesting
for other US scanning applications.
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Abstract
One in eight women will get breast cancer during their lifetime. A tissue sample
should be acquired from the lesion with a needle to confirm the diagnosis. The
so-called biopsy is preferably executed under ultrasound (US) guidance because
it is simple, fast, and cheap, gives real-time image feedback and causes little
patient discomfort. However, magnetic resonance (MR)-detected lesions may be
barely or not visible on US and difficult to find due to deformations of the breast.
This paper presents a robotic setup and workflow that assists the radiologist in
targeting MR-detected breast lesions under US guidance, taking into account
deformations and giving the radiologist robotic accuracy. The setup consists
of a seven degrees-of-freedom robotic serial manipulator with an end-effector
carrying a US transducer and a three degrees-of-freedom actuated needle guide.
During the probe positioning phase, the US probe is positioned on the patient’s
skin while the system tracks skin contact and tissue deformation. During the
intervention phase, the radiologist inserts the needle through the actuated guide.
The tissue deformation is tracked during insertion, and the needle path is adjusted
accordingly. The workflow is demonstrated on a breast phantom. Experiments
show that lesions with a radius down to 2.9 mm can be targeted. While magnetic
resonance imaging is becoming more important in breast cancer detection, the
presented robot-assisted approach helps the radiologist confirm the diagnosis
effectively and accurately utilizing the preferred US-guided method.
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6.1 Introduction
Breast cancer is one of the most common cancers and the leading cause of
cancer death in females [28]. Successful treatment is more likely if the disease
is detected and diagnosed in an early stage. While mammography is the most
widespread imaging modality for detection, magnetic resonance imaging (MRI)
is getting more important. MRI has a higher sensitivity than other imaging
modalities and can overcome the shortcomings of mammography by using new
imaging approaches. However, the selectivity of MRI, which is the ability to
differentiate between benign and malignant lesions on the acquired images, is
not very high. Consequently, a tissue sample from the detected lesion should
be obtained to confirm the diagnosis. The preferred procedure to achieve this
is the ultrasound (US)-guided biopsy. The radiologist performs this procedure,
who manually inserts the biopsy needle and navigates to the lesion under US
guidance. US-guided biopsies are preferred since — compared to an MRI-guided
biopsy — they are relatively cheap, simple, fast, give real-time feedback and
cause little patient discomfort because of the smaller needle diameters used [44].

However, performing a US-guided biopsy on an MR-detected lesion is chal-
lenging. Firstly, transferring the lesion position from the MRI to the US image is
complicated due to the different patient positioning between imaging modalities;
an MRI is typically performed with the patient in prone position, while during
a US-guided biopsy, the patient is positioned semi-supine. Due to the highly
deformable tissue, relating the US images to the MRI is difficult. Furthermore,
an MR-detected lesion may be barely visible on the US image [44]. Finally, the
procedure is highly operator dependent due to these challenges and therefore
finding the lesion may take a significant amount of time.

The field of robotics is progressively becoming more important in healthcare
due to its high accuracy, efficiency and operator independence. Specifically, there
is an increasing interest in robot-assisted breast biopsies because a robot can
accurately position the US probe and manipulate the needle based on the target
location [95]. The biggest challenges in targeting a breast lesion include initial
localization of the lesion and deformations of the breast during the procedure.

Firstly, the challenge of initial localization is significantly reduced by perform-
ing both the MR-imaging and robotic biopsy with the patient prone position.
Not only will involuntary movements such as breathing be less apparent in prone
position, but it also allows to image the breast in its undeformed state [102].
Additionally, it is easier to relate the breast to the MRI using, e.g., markers
attached to the skin [68].

Secondly, there are two approaches to correct for deformations occurring
during the robot-assisted US-guided biopsy procedure: deformation prediction
and deformation tracking. Prediction methods are model-based and update
the lesion position based on estimations of the tissue-probe and tissue-needle
interactions. Subsequently, the planned needle trajectory is optimized for this.
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Although research on the prediction of deformations resulting from different
positioning of the breast or interactions with the breast is ongoing [107, 185],
a sufficiently accurate patient-specific prediction model of the interactions of
the US probe and the biopsy needle with the breast is currently infeasible.
Therefore, robotic solutions depend mainly on deformation tracking. Current
robotic breast biopsy systems mostly depend on the visibility of the target
[74, 97, 98, 114, 128] and therefore, any deformations related to probe placement
and needle insertion are easily compensated for in these applications; the lesion
can be segmented from subsequent US images and the needle trajectory can
be adjusted accordingly. Actually, a target can be tracked independently of its
visibility by using tissue deformation tracking algorithms. Applicable algorithms
that have been implemented in robotic US applications include speckle tracking,
optical flow and normalized cross correlation and mutual information similarity
functions [79, 110, 186]. However, those studies do not focus on the whole breast
biopsy procedure, i.e., they do not include probe positioning and the resulting
deformations.

The purpose of this work is to develop a workflow to perform a robot-assisted
US-guided biopsy on MR-detected lesions accurately. The work focuses explicitly
on using US feedback from the probe in the process. US feedback is used to
acquire acoustic coupling, which is the transfer of acoustic energy from the probe
into the tissue. Most other studies use a normal force for this. Also, in the
absence of accurate deformation prediction models and the ability to detect
the lesion on US images, US feedback is used to compensate for deformations
caused by the needle insertion and deformations caused upon probe contact.
The lesion is not visible, but its initial position before deformation is retrieved
from preoperative data, such as MRI.

The presented solution utilizes a seven-degrees-of-freedom (7-DOFs) serial
manipulator equipped with a linear US probe and an actuated needle guide.
Confidence maps, previously used for pose adjustments of robotic US systems
[69, 166], are used to estimate the first probe contact and place the probe
correctly. Upon first probe contact, it is assumed that the deformation is not
significant. The target, whose position was extracted from preoperative data,
can thus be mapped in the US image and tracked with the optical flow during
further positioning and needle insertion. The radiologist is responsible for needle
insertion, but the actuated needle guide determines the needle trajectory based
on kinematics and needle detection. The robot-assisted biopsy workflow is
validated with phantom experiments. Experiments show that preoperatively
defined targets that are invisible on US images are targeted with millimeter
accuracy. The compensation for movements in the 2D US frame is the first step
towards compensation for both in- and out-of-plane deformations.
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Figure 6.1: The approach to a robot-assisted US-guided biopsy on an MR-detected lesion:
(a) Robotic manipulator approaches breast. In the US plane (b), the target moves upon
positioning the US probe (c) and inserting the needle (d).

6.2 Robot-assisted US-guided biopsy

Figure 6.1 shows the approach for a robot-assisted US-guided biopsy on an
MR-detected lesion. A patient is positioned in prone position over a robotic
serial manipulator carrying an end-effector (EE) equipped with a US probe and
a 3-DOFs actuated needle guide [170]. The guide aims the needle towards a
target within the US plane. The lesion’s position relative to the robot is known
by registration of the MRI data with the patient by, e.g., a camera scan. A
desired US plane through the lesion is defined, and a contact point of the US
probe with the skin is derived such that the target is in the field of view (FOV)
(Figure 6.1(a)). The robot is aligned with the desired US plane (Figure 6.1(b))
and approaches the breast. During probe positioning (Figure 6.1(c)) and needle
insertion (Figure 6.1(d)), the target displaces from its original estimated position.
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These two phases of the biopsy, including the compensation for the target
displacement, will be discussed in the following sections.

6.2.1 Probe positioning
The probe positioning phase focuses on aligning the EE with the desired US plane,
measuring the instant of contact and tracking tissue deformations. Additionally,
it assures adequate acoustic coupling between the US probe and the skin in its
final position. The probe’s position and orientation remain static during needle
insertion.

Determining the contact position

A triangular mesh, which describes the skin surface of the breast, and the target
position, 𝑝t, are extracted from the preoperative data (Figure 6.1(a) and (b)).
The desired US-plane, 𝐴, is constrained by the target position such that 𝑝t ∈ 𝐴.
The orientation of 𝐴 is based on the radiologist’s input, who could, e.g., prefer
to align 𝐴 with the coronal plane. Possible contact positions are extracted by
calculating the intersection of 𝐴 with the surface model. The radiologist also
chooses the initial contact position. The robotic manipulator aligns the x- and
z-axis of the EE frame, Ψee in Figure 6.1, with 𝐴. It is assumed that if the
contact point of the probe with the skin and the target location are coincident
with the z-axis of Ψee, the lesion will be in the FOV upon contact. Thus, the
target coordinates can be associated with a pixel in the US image at the moment
of contact.

Acquiring contact

The system diagram for acquiring contact is shown in Figure 6.2. Confidence
maps are utilized to estimate the contact moment and gain acoustic coupling
with the breast. The confidence map, 𝐶, represents the per-pixel confidence
in the corresponding US image, 𝑈. The pixels of an image are located in a
matrix Ω𝑛×𝑚. An acquired US image, 𝑈 ∶ Ω → [0, 1], is associated with a
confidence map, 𝐶 ∶ Ω → [0, 1]. The map, 𝑓 ∶ 𝑈 → 𝐶, is solved as a random
walk equilibrium that respects physical constraints specific to US. Furthermore,
the top row of a confidence map is defined as 1, and the bottom row is defined
as 0 [172]. Confidence maps emphasize shadowed and attenuated regions and
are useful to estimate how the probe is in contact with the skin. As shown in
Figure 6.2, partial contact transfers to a high confidence region in the middle of
the confidence map. The mean confidence, 𝐶mean, correlates with the contact
area of the US probe with the skin and is defined as

𝐶mean = 1
𝑛 ⋅ 𝑚

∑
(𝑢,𝑣)∈Ω

𝐶 (𝑢, 𝑣) . (6.1)
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Figure 6.2: System diagram of the probe positioning phase. The features of the confidence
map are used to adjust the probe position and to start deformation tracking. The US image is
used to track the tissue deformation. The process stops if complete contact is achieved.

The controller continuously evaluates 𝐶mean during probe positioning. Figure 6.2
shows that a threshold value of the mean confidence, 𝐶thres, is defined, which
indicates the first contact and the start of tissue deformation tracking. Addition-
ally, 𝐶set is defined as the mean confidence for which the probe has appropriate
acoustic coupling with the breast.

Furthermore, the weighted barycentre, 𝜇, of the confidence indicates the
location of contact with the probe and is defined as

𝜇𝑢 = 1
𝐶Ω

∑
(𝑢,𝑣)∈Ω

𝑢 ⋅ 𝐶(𝑢, 𝑣) ,

𝜇𝑣 = 1
𝐶Ω

∑
(𝑢,𝑣)∈Ω

𝑣 ⋅ 𝐶(𝑢, 𝑣) ,
(6.2)

with 𝐶Ω = ∑(𝑖,𝑗)∈Ω 𝐶 (𝑖, 𝑗) the total confidence. The pixel indices 𝜇𝑖 and 𝜇𝑗
correspond to EE coordinates 𝜇𝑧 and 𝜇𝑥, respectively. If these coordinates are
located off-centre, the probe contact is off-centre and thus the target may not
be in the FOV. Therefore, the probe should be rotated around the target by
𝜃r = arctan 𝜇𝑥

𝜇𝑧
radians. This movement is indicated in Figure 6.2. The new
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desired position relative to the current position expressed in Ψee is given by

𝑯c
d = [𝑰3×3 −𝑑t ̂𝒛

01×3 1 ] [Rot𝑦(𝜃𝑟)3×3 03×1

01×3 1 ] [𝑰3×3 𝑑t ̂𝒛
01×3 1 ] , (6.3)

where 𝑰 is the identity matrix, ̂𝒛 the unit vector in z-direction and 𝑑t is the
distance between the EE and the target. Once the barycentre is located in the
centre, the robot approaches the breast until the mean confidence matches 𝐶set.

Tissue deformation tracking

It is assumed that no significant deformation has taken place when 𝐶mean = 𝐶thres.
Thus, the target, 𝑝t, still has its preoperatively defined position. Therefore, the
target coordinates (𝑧, 𝑥) expressed in Ψee, as obtained from the preoperative
data, can be mapped on a pixel (𝑖, 𝑗) of the US image 𝑈. The probe continues
to move to acquire acoustic coupling. This motion compresses the tissue and
thus moves the target from its original position. Since the target may not be
visible, optical flow is used to track this motion. The popular Lucas-Kanade
method is used [187] to track the movement of brightness patterns of the target
location. This method assumes that the inter-frame movements are small and
the same for a small window of pixels with the target at its centre. A pyramidal
implementation of the algorithm is utilized to make the target tracking more
robust [188]. The algorithm outputs an updated position of the expected target
location per acquired US image. The same tissue tracking algorithm is also
utilized during needle insertion.

6.2.2 Needle insertion
After probe positioning, the radiologist starts inserting the needle. The system
diagram is shown in Figure 6.3. The initial target position is the position of
the target determined after probe positioning. The needle may displace the
target due to tissue-needle interaction, and thus, the US images are evaluated
to update the target position. Furthermore, the actual needle trajectory may
differ from the one derived with the forward kinematics due to needle bending.
Therefore, the system relies on a needle detection algorithm also.

Needle trajectory

As shown in Figure 6.3, the desired needle trajectory, expressed in the needle
guide frame Ψng, is defined by the insertion point 𝑝i = (𝑥i, 𝑦i) and the target
position 𝑝t = (𝑥t, 𝑦t) as

𝑦 − 𝑦t = 𝑦i − 𝑦t
𝑥i − 𝑥t

(𝑥 − 𝑥t) . (6.4)
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Figure 6.3: System diagram of the needle insertion phase. The controller adjusts the needle
guide based on optical flow and needle detection. The insertion position remains constant,
such that no stress is exerted on the skin.

The radiologist chooses the insertion position, which lays on the intersection of
plane 𝐴 with the surface model of the breast. This position is kept constant
throughout the needle insertion, while the target position is updated according
to the tissue motions. This way, the center of motion is a point on the skin,
and thus the needle will not cause any stress in this position. This approach
resembles the way a radiologist would manually manipulate the needle.

Needle detection

The needle detection is broken down into several steps. First, Canny edge
detection is applied to the US image [189]. Canny edge detection consists of
the following processing steps: the application of a Gaussian filter to reduce the
noise, finding the intensity gradients of the image along the x- and y-axis, finding
the sharpest edges, applying a double threshold to remove edge pixels caused by
noise and finishing the edges by connecting the stronger edges with weaker ones.
In the resulting image, the needle trajectory is found with the Hough transform.
The error between the needle trajectory and the target is expressed as

𝑒 = 𝑥 cos 𝜃H + 𝑦 sin 𝜃H , (6.5)

with 𝑒 the shortest distance between the target and the trajectory and 𝜃H the
angle between the x-axis and the normal connecting the target and the trajectory,
as presented in see Figure 6.3 [190]. The target, 𝑝t, is taken as the origin.

A controller adjusts the needle trajectory virtually moving the target position,
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𝑝t, in the direction opposite to the normal defined by 𝑒 and 𝜃H. The offset to
the needle trajectory remains constant if no needle is detected in the image.

Needle guide position

The needle guide’s position, 𝑝ng, is located at a constant distance, 𝑑ng, of the
insertion point, 𝑝i, such that

𝑝ng = [𝑥ng
𝑦ng

] = 𝑝i − [𝑑ng sin 𝜃tra
𝑑ng cos 𝜃tra

] , (6.6)

where 𝜃tra is the angle of the needle trajectory with the x-axis of Ψng as shown
in Figure 6.3. The guide’s joint positions are acquired via the inverse kinematics
of the 2D planar system

𝑞1 = arctan 2(𝑦, 𝑥) ± 𝛽 , 𝛽 = cos−1 (𝑟2 + 𝑙21 − 𝑙22
2𝑙1𝑟

) ,

𝑞2 = 𝜋 ± 𝛼 , 𝛼 = cos−1 (𝑙21 + 𝑙22 − 𝑟2

2𝑙1𝑙2
) ,

𝑞3 = 𝜃tra − 𝑞1 − 𝑞2 ,

(6.7)

in which 𝑟 = √𝑥2
ng + 𝑦2

ng, 𝑙1 and 𝑙2 are the lengths of link 1 and 2, respectively,
𝑞𝑖 indicates the joint position of the i-th joint, and the signs for 𝛼 and 𝛽 should
agree [133].

6.3 Experimental validation

6.3.1 Experimental setup
The setup (Figure 6.4) consists of a 7-DOFs robotic manipulator (KUKA Med 7
R800, KUKA GmbH, Germany) to which the EE is connected. The EE holds a
VF13-5 linear US probe (Siemens AG, Germany) and includes a 3-DOFs needle
guide. The transformation of both the transducer and the needle guide with
respect to the flange is retrieved from the computer-aided design (CAD) file
of the EE. The US probe is connected to an X300 US system (Siemens AG,
Germany) which streams the US images with an update rate of 24 Hz to a
workstation via a capture card (Pro Capture DVI HD, Magewell, China). The
workstation communicates with the manipulator and the EE via the fast research
interface and serial communication.

A phantom with a simplified breast shape, such that the deformations
occurring during the procedure remain in-plane, is constructed with a polyvinyl
chloride plastisol (PVCP)/Plasticizer mixture (Bricoleurre, France). The breast’s
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Figure 6.4: The robotic setup. (a) System overview. The KUKA LBR Med 7 with the
end-effector attached, the NDI field generator, the tracked needle and the breast phantom are
indicated. (b) Close-up of the EE with the needle inserted in the phantom.

skin is mimicked by a stiff outer layer of approximately 10 mm (100 % / 0 %), and
the fatty tissue by a softer inner structure (70 % / 30 %). While the skin layer
is expected to have a comparable stiffness to actual skin, the inner structure
may be up to ten times stiffer than actual fatty tissue [182–184]. 1wt.% silica
powder is added to both mixtures to increase scattering.

The phantom was placed on top of and registered with an Aurora tracker
(Northern Digital Inc., Canada). An electromagnetic (EM) tracker (part nr:
610090, Northern Digital Inc., Canada) was placed inside the phantom at a
depth of approximately 25 mm to function as a lesion with zero volume and a
known location. The robot is registered with the Aurora tracker such that the
initial lesion location relative to the robot is known. A custom biopsy needle was
produced utilizing a metal tube with an outer diameter of 2 mm and equipped
with an EM tracker (part nr: 610059). The experiments were performed in
supine position since the bed interferes with the NDI equipment, but usually, the
procedure is performed in prone position. The desired contact position was based
on the current target position and the CAD file of the phantom. The Euclidean
distance between the needle tip and the target determines the accuracy of the
needle insertion experiments. This distance is retrieved by recording both sensor
positions after insertion. Furthermore, the normal distance is determined, which
is the shortest distance between the target and the needle trajectory.
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Figure 6.5: Graph showing the average confidence while approaching the breast and the
corresponding US images for 𝑡[1−5]. The yellow arrows indicate the optical flow field. The
white dot is the tracked target starting from 𝐶mean = 𝐶thres.

6.3.2 Experiments
Three experiments were conducted. The first experiment determines the accuracy
of the estimated target location with respect to the actual target location after
probe positioning. The robot starts from its home position, aligns the EE with
the indicated US plane, and brings the probe in contact with the phantom. The
second experiment determines the in-plane accuracy of the needle placement.
This experiment was performed with and without the needle detection activated.
The needle is unlikely to bend during this experiment due to the soft phantom and
stiff needle. Therefore, uniformly distributed errors of ±0.08, ±0.06 and ±0.03
rad were added to the initial setpoints of joint one, two and three, respectively.
The third experiment determines the accuracy of the whole workflow. Each
experiment was performed ten times, and averaging was applied.

6.3.3 Results
Figure 6.5 presents the mean confidence during an approach to the phantom
accompanied with US images and their corresponding optical flow profiles at
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times 𝑡[1−5]. The images taken at 𝑡1 and 𝑡2 show that the optical flow profile
does not follow the deformation. However, at 𝑡3 — when 𝐶mean = 𝐶thres —
and 𝑡4, the profile in the center of the image matches the deformation and the
target, shown in white, moves along. In Table 6.1, the error between the tracked
target position and the actual target position is stated for the initial position,
when 𝐶mean = 𝐶thres and the final position, when 𝐶mean = 𝐶set. It shows that
the initial error is in the millimeter range, indicating that the target to robot
registration has millimeter accuracy. Furthermore, it seems that, based on this
data, a larger target displacement does not necessarily imply a larger error.
The target displacement is the largest in the z-direction, whereas the error in
the z-direction is not. Instead, the x-direction has the largest error because
the tracked position sometimes follows the expanding region, indicated by the
horizontal arrows of the optical flow profiles shown in Figure 6.5 at 𝑡3 and 𝑡4.

Table 6.1: Mean absolute error between the estimated lesion position and the actual lesion
position initially, when 𝐶mean = 𝐶thres, and finally, when 𝐶mean = 𝐶set, and the target
displacement during the procedure.

𝑑𝑥 (max.) 𝑑𝑦 (max.) 𝑑𝑧 (max.)

mm mm mm

Error Initial 1.03 (1.28) 0.59 (1.82) 1.23 (1.71)

Final 2.12 (3.69) 0.80 (1.98) 0.97 (3.05)

Target displacement 0.53 (2.47) 0.88 (2.99) 2.35 (8.61)

Table 6.2: Mean absolute distance between the needle tip and NDI target after needle insertion
in 𝑥, 𝑦 and 𝑧 direction while the needle detection was switched off (7) and on (3).

𝑑𝑥 (max.) 𝑑𝑦 (max.) 𝑑𝑧 (max.)

Needle detection mm mm mm

7 0.72 (1.44) 0.76 (2.05) 0.76 (2.15)

3 1.81 (3.12) 1.61 (4.60) 1.54 (3.14)

Table 6.3: The mean absolute distance of the needle tip, and the normal distance of the needle
trajectory with respect to NDI target, after completing the procedure in which the probe is
placed and the needle is inserted. Additionally, the target displacement is noted.

𝑑𝑥 (max.) 𝑑𝑦 (max.) 𝑑𝑧 (max.) 𝑑norm (max.)

mm mm mm mm

Total error 1.15 (2.84) 1.31 (3.53) 3.47 (5.05) 2.89 (4.88)

Target displ. 0.84 (2.52) 0.93 (3.32) 2.66 (9.13)
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Figure 6.6: Image sequence showing the needle trajectory adjustment based on needle detection.
Both the US image with the tracked point and the processed image with the detected needle
are shown. The frame rate was 20 Hz.

Table 6.2 shows that enabling needle detection makes the needle placement
less accurate. The detection algorithm marks the top edge — not the core —
of the needle, which is subsequently aligned with the target (Figure 6.6). Thus,
the core of the needle is off by the needle radius.

Table 6.3 presents the accuracy of the entire workflow, in which the robotic
manipulator first positions the US probe to view the target and then guides the
needle towards the target. At this moment, the error is not directly relatable to
the errors found in Table 6.1 and Table 6.2. Additional experiments may find
this relation.

6.4 Discussion
This study demonstrated an approach to a robot-assisted US-guided biopsy
on MR-detected lesions, which may be hard to target otherwise. The overall
accuracy, as presented in Table 6.3, indicates that it is feasible to target lesions
with a radius down to 3 mm. This accuracy is acceptable in breast cancer
diagnostics and similar to equivalent experiments performed in the cited studies
(1.1 to 3.44 mm) [83, 98]. The accuracy could be increased by improving the
registration between the phantom and the robot, which is currently in the
millimeter range. Other factors influencing the accuracy are the target tracking,
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the calibration of the US probe and the needle guide with the robot flange, and
the accuracy of the needle guide itself.

The main limitation of this study is the assumption that the lesion remains
in-plane. This assumption was correct for the performed experiments since the
phantom and the applied forces were symmetric. However, in real-life situations,
the tumor may move out-of-plane due to asymmetry in the applied pressure and
boundary conditions. Nonetheless, the system can easily be extended to 3D by
switching to a 3D US probe. Both confidence maps and deformation tracking
have previously been applied to 3D US. Additionally, out-of-plane motions may
be detected from the B-mode images by taking the divergence of the optical flow
field. In future steps, both simulation and feedback algorithms may be combined
to account for deformations that the current system cannot.

Furthermore, the deformation of breast tissue is more significant than of
phantom material: the structure is less constrained, the material softer, and
although positioned in prone position, the patient may move. Therefore, the
manipulator may need to adjust the probe position as well as the needle guide
during needle insertion to retain acoustic coupling. Impedance control of the
needle guide may provide compliance for small patient movements but affects
accuracy. Also, a safety release mechanism may be needed in the clinical
environment to release the needle if the patient inadvertently moves more than
expected.

This work focused on integrating US feedback to estimate probe contact and
compensate for deformations. It showed that confidence maps are suitable for
evaluating probe contact and acquiring acoustic coupling with the phantom.
The confidence map has advantages over force feedback since variations in breast
stiffness will not influence the image quality while deformations are kept to a
minimum. Figure 6.5 shows how the confidence map serves to start the tissue
tracking. The optical flow profile shows the tissue compression in the region
in contact, whereas the edges show some vectors pointing sideways, indicating
the expanding contact region. Sometimes, the tracked target moved along
horizontally with this region, leading to a more significant error along this
direction. This error can be prevented by explicitly evaluating the confidence
around the target area, by setting 𝐶thres to a higher value, and by having a
more accurate registration between the target and the robot. The optical flow
was also successfully applied during needle insertion. Table 6.2 shows that the
in-plane accuracy of the needle placement is currently more accurate without
needle detection. The implemented needle detection algorithm detects and aligns
the top edge of the needle with the target, whereas the forward kinematics
considers the center of the needle. The needle detection will be more accurate
by incorporating the needle radius in the error, 𝑒, in Equation (6.5).

Overall, the system shows some promising features: the robot-assisted biopsy
minimizes the MR-time since the biopsy takes place under US guidance, the
time per biopsy is less because the system automatically navigates to the correct
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US plane, and the radiologist gains robotic accuracy, while he is in control like in
the conventional procedure. Thus, the radiologist can still respond appropriately
to haptic or patient feedback.

6.5 Conclusion
A robotic workflow was introduced to assist the radiologist in accurately per-
forming US-guided biopsies on MR-detected lesions. Experiments show that the
controller can use confidence maps to estimate first probe contact and optical
flow to track tissue deformation in areas with high confidence with millimeter
accuracy. The needle detection algorithm reduces errors in the initial direction
of the needle but is, at this point, less accurate than using only the encoders of
the needle guide. The proposed workflow has millimeter accuracy in the current
setting.
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Abstract
Traditionally, magnetic resonance (MR) safe robots have fiber-based optic po-
sition sensors which are fast and sensitive. Often, these sensors use so-called
quadrature modulation to resolve the magnitude and direction of displacement.
Two monochromatic optical channels are needed for this modulation, often sup-
plemented by a third channel to obtain the position via a calibration movement.
This paper explores whether additional wavelengths in the light source can
add more functionality to a single optical channel. To this end, a simplified
spectrophotometer is designed that senses the reflection of three wavelengths
(red, green, blue) from a patterned paper strip in front of the detector. The
patterned paper is attached to the translator and selectively absorbs each of
the three wavelengths. A single optical channel can resolve the magnitude and
direction of displacement if two colors are printed in a quadrature configuration.
The root mean square (RMS) error of displacement measurements is down to
(6.2 ± 4.6) µm if the higher harmonics of the calibration are taken into account.
Superposing a gradient of the third color over the quadrature pattern shows the
potential also to resolve the absolute position of the translator. The achieved
RMS error of (157.9 ± 657.4) µm can be further improved by removing nonlin-
earities in the printed pattern. Overall, a minor adjustment — replacing a
monochromatic with a trichromatic light source — enables the integration of
more functionality in one optic channel and more minimalistic sensing solutions.
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7.1 Introduction
magnetic resonance imaging (MRI) plays an ever more prominent role in health
care. The modality is used for detection and diagnostics as well as for interven-
tions. Currently, MRI is the most sensitive imaging modality, but the constraints
of the workspace and the human operator are limiting the accuracy of interven-
tional procedures. As a result, several robotic systems are making their way
into the MRI bore to support the radiologists in more accurately performing
the procedure. Examples of applications are neurosurgery and percutaneous
interventions such as biopsies or tumor ablations in the liver, prostate, kidneys
or breast [191].

The design requirements for in-bore robots are strenuous because of limited
space and the necessity to be magnetic resonance (MR) safe. A device should
pose no known hazards in all MRI environments to be MR safe, and thus, it
should consist of nonconducting, nonmetallic and nonmagnetic materials [192].
Hence, the actuation methods of MR safe robots differ from traditional robotic
actuators. Robots have been presented with piezoelectric, pneumatic, hydraulic,
and tendon-driven actuation [115–118].

These MR safe robots need sensing mechanisms to reach their full potential,
providing feedback for various control algorithms. Position control needs joint
sensors to retrieve the current manipulator position; force feedback may be
necessary to implement impedance control, haptic feedback in teleoperated
solutions or to identify tissue types [193]. For a robot to be MR safe, all its
sensing mechanisms should be MR safe as well.

Fiber-optic sensors are often considered when measuring various quantities
(e.g., temperature, force, torque, strain and position) inside the MRI bore: they
can be both sensitive and fast; the readout electronics can be placed outside the
MRI room; the diagnostic accuracy of the MRI is unaltered; they are immune
to the strong magnetic fields inside the MRI bore. A fiber-optic sensor’s main
component is the optic fiber, through which light is transmitted. This fiber
generally consists of plastic or glass, with a high refractive index core and a low
reflective index cladding. There are two types of optic fibers: single-mode and
multi-mode. Single-mode fibers support only one propagation mode and preserve
the coherence properties of light. Multi-mode fibers support multiple modes and
have a large numerical aperture that allows for efficient light coupling. They are
suitable for incoherent wide-angled light sources such as light-emitting diodes
(LEDs). Two groups of fiber optic sensors can be distinguished: in intrinsic
sensors, the optical fiber itself is the sensing element; in extrinsic sensors, the
optical fiber only transmits the light while the measurand changes the light’s
characteristics [194].

The changeable characteristics of light are intensity, phase and wavelength
[193]. Intensity-modulated sensors rely on intensity change as a function of the
measured quantity. In transmittance-based intensity-modulated sensors, the
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fibers face each other, whereas, in reflectance-based sensors, the light bounces
off a surface before it reaches the receiving fiber. The transmitted light may be
coupled in multiple receiving fibers for both transmissive and reflective sensors to
achieve a differential measurement or sense multiple degrees of freedom. Sensors
based on phase change measure the relative phase shift of two light beams. In a
Fabry-Perot interferometer, the light propagates between two partially reflective
mirrors. Multiple beams with varying optical path lengths generate destructive
or constructive interference based on the length of the cavity. In the end, this
leads to intensity modulation as well. Wavelength modulation is commonly
achieved with a fiber Bragg grating (FBG). An FBG optical fiber has a periodic
variation in the refractive index of the fiber core, with which a wavelength-specific
mirror is obtained. A broadband light source is coupled with the fiber and the
grating — and as a result, the reflected wavelength — changes due to the strain.

Fiber optic position or displacement sensors often employ intensity mod-
ulation and output binary or analog optical signals. Binary sensors make a
distinction between two light intensities [195, 196]. Angular and linear position
encoders may be based on the reflected intensity of a patterned black and white
surface or a selectively milled surface [197]. Additionally, the light beam can be
cyclically interrupted by a patterned disk or slider [198]. Quadrature encoding
can be used to indicate both the magnitude and direction of displacement, where
two optical circuits measure two identical patterns with a ninety degrees phase
shift relative to one another [198]. The accuracy of these sensors mostly depends
on the resolution of the encoder pattern. Currently, available sensors achieve a
twelve to fourteen bit or 50µm accuracy for rotary and linear encoders, respec-
tively [199, 200]. Analog optical sensors are the alternative. The intensity may
be modulated by changing the distance of a reflective surface to the receiving
fiber [201] or by varying the absorbance of light due to a changing color of the
reflector [202, 203]. In work presented by Kwon et al. [202], an angular accuracy
of −1.46° is obtained for a rotary encoder, whereas NELSON [203] achieves a
positioning accuracy of 30µm utilizing a linear optical sensor. Both studies
modify the absorbance of an LED with a printed pattern.

Traditionally, MR safe position sensors are designed using single-color LEDs
and one optical fiber per LED. The integration of multi-color LEDs allows
coupling multiple wavelengths in a single fiber. Thus, wavelength-dependent
reflection and absorption spectra of the material passing the fiber can be measured.
Instead of patterning the rotor or translator with a single color, as was previously
done by Kwon et al. [202] and NELSON [203], a more complex pattern that
selectively reflects one of the LED’s wavelengths could be used.

This work investigates the advantages of integrating a multi-color LED
combined with a multi-color pattern on a translator, compared to a single color
LED combined with a single-color pattern. In section 7.2, the design of an
optical detector that measures the reflectance of light off a printed paper strip
is presented. This paper strip is easily fabricated with a multi-color printer.
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Figure 7.1: (a) A schematic overview of the measurement setup. A patterned translator moves
in front of an optic fiber through which sequentially red, green and blue light is emitted. The
reflection is quantized by a photodiode, a current to voltage converter and an analog-to-digital
converter. The microcontroller communicates the result to a PC. (b) The optic fiber forms a
circular window through which light is projected on the translator. The reflections are received
through the same fiber and form a quadrature signal for the red and green channel, whereas
the blue signal linearly increases. (c) Each position is uniquely represented by a color on a
helical path through color-space through this pattern.

section 7.3 presents the implementation, an experimental setup to compare the
position measured by our detector with the position measured by a vibrometer,
and multiple experiments to compare the single-color LED performance compared
to the multi-color LED performance. Section 7.4 presents the results. Section 7.5
and 7.6 discuss and conclude the presented work, respectively.

7.2 Theory
This section elaborates on the working principle of the spectrophotometer-based
position sensor. Figure 7.1 shows an overview of the sensing principle. An optic
fiber faces a translator with a color pattern (Figure 7.1(a)). Light is emitted
from the fiber by a Red Green Blue (RGB) LED connected to this fiber via
an optocoupler. The light reflects off the pattern back into the fiber and falls
on a photodiode (PD) via the optocoupler. A current to voltage converter
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amplifies the signal, after which an analog-to-digital converter (ADC) digitizes it.
By sequentially emitting red, green and blue light for 10 ms and digitizing the
resulting voltage, the reflectance of the segment currently in front of the fiber is
determined for three wavelengths. By choosing the colors on the bar smartly,
the currently measured reflectance represents the bar’s position relative to the
fiber.

7.2.1 Position encoding

The light emitted by the LED, as well as the colors on the translator, consist of
three components: red, green and blue. Assuming that the LED emits discrete
wavelengths, which match the wavelengths reflected by the printed colors, the
light can be selectively reflected by varying the intensity of red, green, and blue
in the pattern. The position of the bar relative to the fiber can be determined
by making specific reflectance patterns. In this work, two types of intensity
modulation are considered: sinusoidal and linear. For both types, a simple
model can predict the waveform of the measured light intensity while moving
the translator along the fiber.

Sinusoidal

Sinusoidal modulation is obtained by alternatingly switching a color between
the minimum and maximum intensity to achieve either maximum absorbance
or maximum reflectance of the corresponding wavelength (Figure 7.2(a)). The
relative signal intensity during a transition from a patch with zero intensity to a
patch with the maximum intensity of either red, green or blue is given by:

𝐼𝑖(ℎ) = 1
𝜋𝑟2 𝐴(ℎ) 𝑐𝑖 , with:

𝐴(ℎ) = 𝑟2 arccos (1 − ℎ
𝑟

) − (𝑟 − ℎ) √𝑟2 − (𝑟 − ℎ)2 . (7.1)

Index 𝑖 can be r, g or b, referring to the colors red, green or blue, respectively.
𝐼𝑖 ∈ [0, 1] is the relative signal intensity. 𝑐𝑖 ∈ [0, 1] is the intensity of the colored
patch, and can be left out if 𝑐𝑖 = 1. 𝐴(ℎ) is the area of the color overlapping
with the optical fiber. ℎ ∈ [0, 2𝑟] is the displacement of the bar, 𝑟 is the radius
of the fiber. Based on this model, if the patches’ width equals the fiber diameter,
a sinusoidal relative intensity 𝐼𝑖 would be expected while moving the pattern
along the fiber. By laying two differently-colored patterns on top of each other
with a 90° phase shift, a quadrature signal is obtained, see Figure 7.1(b), 𝐼r and
𝐼g.
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Figure 7.2: Two modulation schemes are used for position encoding. (a) Sinusoidal. The
reflected intensity is a function of the overlap 𝐴 of the colored section with the circular optic
fiber. (b) Linear. The reflected intensity is a function of the color intensity integrated over the
area of the optic fiber.

Linear

Linear modulation is obtained by linearly increasing the color intensity over
the length of the translator (Figure 7.2(b)). The currently reflected intensity
depends on the average intensity of the printed color currently facing the fiber:

𝐼𝑖(ℎ) = 1
𝜋𝑟2 ∫

𝑟

−𝑟
∫

𝑎

−𝑎

𝑐𝑖,max(ℎ) + 𝑐𝑖,min(ℎ)
2

𝑑𝑦 𝑑𝑥 with:

𝑎 =
√

𝑟2 − 𝑥2

(7.2)

where the 𝑥-axis is aligned with the direction of movement and the gradient
increase/decrease. 𝑐𝑖,max(ℎ) ∈ [0, 1] and 𝑐𝑖,min(ℎ) ∈ [0, 1] are the maximum
and minimum intensity of the color in the section facing the fiber, respectively.
ℎ ∈ [0, 𝑤] is the position of the fiber, with 𝑤 the total width of the translator.
As such, the reflected intensity is linearly increasing while the bar is moving, see
𝐼b in Figure 7.1(b).

Analog quadrature signals can have a high spatial resolution but measure
displacement rather than position. Thus, they need a calibration step to obtain
the position. By combining a quadrature signal, for instance, red and green,
with a linear signal, for instance, blue, each position on the translator is uniquely
represented by a combination of colors in a three-dimensional color space (Fig-
ure 7.1(c)).

7.2.2 Position decoding
If the intensity 𝐼r of the red signal is plotted versus the intensity 𝐼g of the green
signal, and both signals would be perfect sinusoids, the signal would describe a
circle. In this case, the current arctan of the signal represents the displacement
of the bar relative to the fiber. The unwrap function maps jumps larger than
𝜋 on their 2𝜋 complement by comparing the current angle with the previous
measurement. The total displacement is then given by
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𝑑𝑖 = unwrap (𝜃𝑖)
𝑙

2𝜋
, with:

𝜃𝑖 = arctan ( 𝐼r
𝐼g

) .
(7.3)

With 𝑑𝑖 the displacement at the 𝑖-th measurement and 𝑙 the length of one period
of the printed pattern. If at the first measurement, 𝑑0 the position of the bar
with respect to the fiber is known, this equation also gives the position.

Nevertheless, analog quadrature detectors have a common set of errors that
limit obtainable precision and accuracy [204]. These are, for instance, imperfect
quadrature, such that the phase shift is not precisely 90°, zero offset and unequal
gain in the detector channels. Additionally, the waveform may be intrinsically
different from a circle, such as a diamond shape in the case of a traditional rotary
encoder disk. In this case, the result of Equation (7.3) has small, repetitive
errors depending on the position along the waveform. A better estimate of the
actual displacement can be obtained by analyzing the frequency components in
the waveform with a calibration step [205]. The Fourier series 𝐹 of the reflected
intensity is given by

𝐹𝑖(𝑥) =
𝑁

∑
𝑛=1

(𝑎𝑖,𝑛 cos (2𝜋
𝑙

𝑛𝑥) + 𝑏𝑖,𝑛 sin (2𝜋
𝑙

𝑛𝑥)) , (7.4)

with index 𝑖 being r, g or b for the red, green or blue channel, respectively.
𝑎𝑖, 𝑛 and 𝑏𝑖, 𝑛 are the amplitudes of the 𝑛-th cos and sin, respectively. 𝑥 is the
position of the bar with respect to the optical fiber. These Fourier series can be
obtained by a calibration step in which the translator is moved from one end to
the other, while measuring the reflected intensities as well as the displacement
using external measurement equipment. Now, to get a better estimate of the
displacement during real-time measurements, the following optimization problem
should be solved:

̂𝑑𝑖 = arg min
𝑥∈[𝑏l,𝑏u]

(𝐹r (𝑥) − 𝐼𝑟)2 + (𝐹g (𝑥) − 𝐼𝑔)2
⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

quadrature encoding

+

(𝐹b (𝑥) − 𝐼𝑏)2
⏟⏟⏟⏟⏟⏟⏟

absolute

.
(7.5)

Where ̂𝑑𝑖 is an improved estimation of the position on the 𝑖-th measurement,
𝑏l and 𝑏u are the lower and upper boundary of the search, respectively. Note
that for a quadrature encoder, where the initial position at 𝑖 = 0 is known, only
the first two terms of the equation should be optimized. In this case, a good
initial guess for 𝑥 is 𝑑𝑖, and the boundaries can be chosen closely around 𝑑𝑖 for
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an efficient search. However, if the absolute position should be obtained, the
third term should also be taken into account. In this case, a global minimum
should be found, and 𝑏l and 𝑏u should cover the entire range of the translator.

7.3 Methods

7.3.1 Implementation

Light source

Ideally, the wavelength of the light source is matched with the reflectance of
the printed color. In traditional spectrophotometers, a full-spectrum Xenon
flashlight generates the light, while a monochromator selects a specific wavelength.
However, with LEDs, the wavelength is determined by the composition of
the junction. Furthermore, the bandwidth of each wavelength is large (25 nm
compared to 5 nm for monochromators). The advantages of RGB LEDs are
compactness, price, efficiency and availability. Additionally, three channels are
sufficient to implement the previously designed patterns. Our device houses
a relatively bright RGB LED with a non-diffuse housing to efficiently couple
the light in the optical fiber (WP154A4SEJ3VBDZGC/CA, Kingbright Co.,
Taiwan).

Detector

A large-area PD is used to have a high sensitivity combined with a small form
factor (VTB8441BH, Excelitas Technologies Corp., Canada). The diode is
operated in photovoltaic mode, which means zero bias voltage. In this mode, the
dark current, which is highly temperature-sensitive, is minimized. A one-stage
opamp circuit amplifies the PD current. The low-noise opamp (OPA140, Texas
Instruments Inc., USA) has a JFET input stage because this provides a low
input current offset, which reduces DC errors and noise at the output. The
output voltage of the amplifier stage is quantized by a 24-bit sigma-delta ADC
(AD7195, Analog Devices Inc., USA). This ADC has an integrated temperature
sensor to monitor the PCB’s temperature.

Fibers

Standard Jacketed 1000µm polymethyl methacrylate (PMMA) core plastic fiber
cables are used, connected to a 1×2 optical fiber splitter (IF-562, Industrial Fiber
Optics Inc., USA). The jacket prevents ambient light from entering the setup,
whereas the core diameter and material are ideally suited to be incorporated in
a design without additional tooling. The light power coming from one side of
the fiber splitter is equally divided over the two fibers on the other side, which
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Figure 7.3: The setup for validating the displacement sensor.

effectively means that half of the reflected light reaches the detector. Plastic fiber
optic connectors are used since they can be manually attached to the fiber and
are MR safe (HFBR-4533Z, Broadcom Inc., USA). The fiber ends are polished for
optimal light coupling utilizing a specially designed polishing kit (AFBR-4594Z,
Broadcom Inc., USA).

Printed patterns

The patterns are printed with a printer (HP Z9, HP Inc., USA) that supports
printing in chromatic red, green and blue and has a 2400×1200 dots per inch
resolution. The extra colors and high resolution allow closely matching the
designed colors and patterns. 𝑙 is chosen twice the optical fiber diameter to
achieve optimal signal variation along the pattern.

7.3.2 Experimental setup
The experimental setup (Figure 7.3) consists of the optical detector as discussed
in Section 7.2 and 7.3.1. The printed patterns are stuck to a linear slider with
double-sided tape. The slider is connected to a linear translation stage. A DC
motor, controlled with the microcontroller (µC) via an H-bridge, turns the stage’s
actuator. A vibrometer (sensor head: OFV-505, controller: OFV-5000, Polytec
GmbH, Germany) measures the displacement with a resolution of 5120µm V−1,
which is represented by a voltage of −8 V to 8 V on the output of the controller.
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Figure 7.4: Pattern 1 has a sinusoidal modulation of green, pattern 2 has sinusoidal modulations
of red and green with a 90° phase-shift superposed, pattern 3 is pattern 2 with a linear
modulation of blue superposed.

This voltage is scaled to 0 V to 3 V by a resistor network and digitized with a
16-bit ADC (ADS1115, Texas Instruments, USA) by the µC. In each loop, the
µC digitizes the red, green and blue channels as well as the vibrometer signal.
Subsequently, the linear stage is moved for 100 ms, and the next measurement is
taken. The µC automatically moves the translation stage up and down over the
50 mm range of the translation stage based on two limit switches.

7.3.3 Experiments
Three patterns were measured and compared (Figure 7.4). (1) A monochromatic
pattern to obtain sinusoidal modulation by alternating green with black. Green
was chosen, as this channel gave the highest signal intensity. (2) The sinusoidal
modulation of green and red are 90° phase-shifted and superposed to obtain
quadrature encoding. (3) The quadrature encoding of (2) is supplemented with a
linear modulation of blue. As such, the three patterns modulate the reflectance
of one, two or three wavelengths, and the value of adding wavelengths becomes
clear. The patterns have 24 periods followed by a section of 2 mm of black or
white to indicate the end, which amounts to samples of 52 mm.

We waited until the board had a steady temperature to ensure stable mea-
surements using the ADC’s integrated temperature sensor. Each pattern is
traversed fifty times. The uneven traversals are used for calibration, whereas
the even ones are used for validation. Calibration is done by taking the average
value of the calibration measurements at each position and approximating this
curve with Equation (7.4) with 𝑁 = 200.

7.4 Results
Figure 7.5 shows the data for 25 traversals of each pattern. On average,
each traversal contains 1.15 × 103 measurements. We analyze the section
−22.5 to 22.5 mm, since, outside this range, the high peaks on the left of the
graphs show that the end of the pattern is reached.
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Figure 7.5: From top to bottom the response of the red, green and blue channel for pattern 1,
2 and 3.
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7.4.1 Pattern 1
Figure 7.5(a) shows the data for pattern 1. It shows that also the red and blue
wavelength respond to the green color. The maximum intensity changes due to
the pattern are Δ𝐼r = 2.25 × 105, Δ𝐼g = 2.09 × 106, Δ𝐼b = 4.71 × 105.

7.4.2 Pattern 2
Figure 7.5(b) shows the data for pattern 2. The maximum signal changes due to
the pattern are Δ𝐼r = 1.60 × 106, Δ𝐼g = 2.40 × 106 and Δ𝐼b = 8.78 × 105. The
amplitude of 𝐼b is higher than in pattern 1, although the blue color is not printed.
Due to the phase difference between 𝐼g and 𝐼r, the direction of movement can
be resolved.

Figure 7.6(a) shows displacement measurements based on 𝐼r and 𝐼g, assuming
the initial position 𝑑0 was known. We used both Equation (7.3) and (7.5) to
estimate the displacement, indicated by 𝑑 and ̂𝑑, respectively. The root mean
square (RMS) error of 𝑑 was (47.3 ± 28.9) µm, whereas the RMS error of ̂𝑑 was
(7.6 ± 7.2) µm. Optimization using Matlab’s fmincon algorithm took 23.9 ms per
measurement. For ̂𝑑, the first and last fifty samples of each traversal are skipped
because the Fourier series did not accurately approximate the calibration signal
in these sections due to window effects.

7.4.3 Pattern 3
Figure 7.5(c) shows the calibration data for pattern 3. The intensity variations
are Δ𝐼r = 1.35 × 106, Δ𝐼g = 2.37 × 106 and Δ𝐼b = 1.89 × 106. It is shown that
the amplitude of the red channel decreases as the intensity of the blue channel
increases. Furthermore, 𝐼b does not show the intended linear intensity variation
over the length of the pattern.

In the same way as for the pattern 2, Figure 7.6(b) shows the displacement
estimated by the sensor using only 𝐼r and 𝐼g, and assuming 𝑑0 was known.
The RMS error for 𝑑 was (75.9 ± 44.2) µm, whereas the RMS error of ̂𝑑 was
(6.2 ± 4.6) µm. On average, resolving the displacement took 23.2 ms per mea-
surement.

Figure 7.7 shows position estimations using Equation (7.5). In this case,
also 𝐼b is used to resolve the position without any knowledge of the previous
position. Especially in the first 15 mm, the sensor readout is wrong multiples
of 𝑙, since 𝐼b is not significantly changing and random variations of the signal
cause the algorithm to find a minimum in the wrong period. Over approximately
25.1 × 103 measurement points, the estimation is 1, 2, 3 or 4 times 𝑙 off in 6.1 %,
1.1 %, 0.3 % and 0.047 % of the measurements, respectively. The RMS error of
the position measurements is (157.9 ± 657.4) µm. Resolving the position using
Equation (7.5) took 26.6 ms on average.



7

112

0 10 20 30 40
reference / mm

-0.15
-0.1

-0.05
0

0.05
0.1

0.15
0.2

0.25

er
ro

r /
 m

m

(b)

d

d̂

0 10 20 30 40
reference / mm

-0.1

-0.05

0

0.05

0.1

0.15

er
ro

r /
 m

m

(a)

d

d̂

Figure 7.6: Distance measurements derived from 𝐼r and 𝐼g and a known 𝑑0 using Equation (7.3)
(𝑑) and Equation (7.5) ( ̂𝑑) based on (a) pattern 2 and (b) pattern 3.

7.5 Discussion
The presented MR safe RGB spectrophotometer-based single fiber position sensor
proved to be able to repeatably measure the reflectance of a pattern moved
in front of the fiber and use this to determine the direction and magnitude of
displacement (two wavelengths) or the absolute position (three wavelengths).
Especially the displacement measurements showed high accuracy with an RMS
error down to (6.2 ± 4.6) µm, which is better than some commercially available
MR safe and previously presented analog optical position sensors [200, 203].
However, several aspects can be changed to improve future device iterations.

First of all, although we reach light intensity changes of over a million
points per millimeter, the reported accuracy is only (6.2 ± 4.6) µm. Improving
measurement setup may improve the reported accuracy since the current setup
suffered from drift in the vibrometer or the resistance network connected to
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Figure 7.7: Position measurements based on pattern 3 obtained by solving Equation (7.5).

the vibrometer output. The measurements could be normalized using the end
stops, but drift may still impact the measurements as each traversal was slow.
Additionally, the vibrometer was aimed at a reflector mounted on top of the linear
slider, which can amplify unwanted motions. An absolute position measurement
as a reference would be preferred.

Furthermore, the optical setup may be improved. Light intensity fluctuations
can occur due to light source instability, fiber bending or fiber mismanagement.
A reference fiber could be used to compensate for transmission losses, fiber
misalignments and fiber bending [206]. Specifically for our design, replacing the
2×1 optocoupler with a 2×2 optocoupler (e.g., IF-540, Industrial Fiber Optics,
USA) would be enough to generate a reference signal. This configuration is
also used by Peirs et al. [207]. The reference signal can be subtracted from the
measurement signal in the analog circuitry or after analog-to-digital conversion.
This step would make the sensor more immune to short-term factors such a noise
and long-term issues such as the wearing of the LED. By installing temperature
compensated current sources (e.g., CL25, Supertex inc., USA), the light source
can be more robust against temperature changes. Also, the driving current could
be based on light output instead of driving the same current through each LED.

Finally, the simple models (Equation (7.1) and Equation (7.2)) with which
the patterns were implemented helped guide the design process. Still, more
complex models are necessary to predict the signal output more accurately.
The assumption that the patterns do not influence one another is not correct,
as is visible in Figure 7.5. Each LED emits a normally distributed spectrum
around the dominant wavelength. Especially the green and blue patterns show
cross-talk, as the tails of the normal distributions of the green and blue LED are
overlapping. Also, each color does not necessarily reflect the dominant wavelength
of the corresponding LED. Also, while the implemented color gradient is linear,
Figure 7.5(c) shows that the reflectance shows a higher-order curve — apart from
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the cross-talk between the channels. This effect might be the gamma correction
implemented in many consumer electronics to compensate for the non-linearity
of the human eye. The effect can be compensated for in the design using a
calibration curve, as done in [203]. Lastly, the printer does not mix the colors as
our models do; the printer approximates the desired colors with different inks,
and, e.g., the color yellow will not be a mixture of green and red. Instead, the
yellow toner is used, which has a different reflectance. We showed that we could
partly compensate for these effects by using a Fourier series approximation of
the calibration signal.

7.6 Conclusion
An MR safe linear position sensor was presented, which determines the position
of the translator based on an RGB spectrophotometric measurement on a paper
strip patterned with a printer. To show the added value of an RGB LED
compared to a single color LED, reflectance measurements were performed on
patterned strips modulating the reflection of either one, two or three wavelengths
of the LED simultaneously.

The results show that each printed color reflects all three wavelengths, so the
superposition of different modulation schemes leads to cross-talk of one channel
to another. Furthermore, a linear intensity increase of a printed color does not
lead to a linear intensity increase of the reflected light. The modulation of two
wavelengths simultaneously with a 90° phase shift (i.e., a quadrature modulation)
allows to resolve the direction of displacement due to the phase difference. The
magnitude of displacement could be determined with an RMS error down to
(7.6 ± 7.2) µm. The pattern modulating three wavelengths could also measure
displacement ((6.2 ± 4.6) µm). In both modulation schemes, compensation for
the higher harmonics of the measurement signal based on a previous characteri-
zation improved the RMS error six to twelve times. The superposition of three
modulation schemes also showed promising results to measure the translator’s
absolute position. However, the RMS error of (157.9 ± 657.4) µm is 25 times
worse than the RMS error for displacement measurements.

This work shows that changing a monochromatic for a trichromatic LED
allows adding more functionality to an optical channel, which reduces the number
of optical channels needed for position sensing.
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8 | General discussion

The biopsy is a crucial step in diagnosing breast cancer, of which the success
rate is heavily dependent on accurate lesion localization and needle placement.
Especially when lesions are magnetic resonance imaging (MRI)-visible only, there
are limitations in the accuracy, which can negatively impact the biopsy outcome.

This thesis aimed to develop robotic approaches to assist the radiologist with
the biopsy procedure on magnetic resonance (MR)-detected lesions. A system
was designed, which proved able to assist with preoperative data-to-patient
registration, ultrasound acquisitions, deformation tracking, needle detection and
needle placement. The following sections discuss the design of the setup, the
implemented controllers, the ultrasound acquisitions and the accuracy of registra-
tion and needle placement in more detail. Furthermore, a future perspective is
given on (steps towards) clinical trials and the role of ultrasound and MRI-guided
robot-assisted interventions in the clinic.

8.1 Robotic setup

8.1.1 Design
Chapter 2 explains that to perform biopsies on MR-detected lesions outside the
MRI-bore, the robot should be able to: perform patient-to-robot registration
and preoperative MRI-to-patient registration; perform ultrasound acquisitions;
assist with needle insertion. An end-effector was designed, which incorporates
stereo cameras, lighting, a projector, a three-degrees-of-freedom actuated needle
guide with a needle stop, an ultrasound probe and electronics to manage the
functionalities and communicate with the robotic manipulator.

A vital point is the compactness and the high integration of all system
components. The presented setup has the cameras integrated on the end-effector.
In contrast, other systems for robotic ultrasound acquisition or ultrasound-
guided needle insertion often have the camera setup separated from the robot
[67, 72, 73, 97, 98]. Furthermore, many designs have separated mechanisms for
holding the needle and holding the ultrasound probe [74, 97–99, 101, 128, 131].
A benefit of a highly integrated system is that inter-system calibration and
recalibration after displacing the system are not necessary. Additionally, by
tilting the ultrasound probe around two axes with respect to the robotic flange,
the probe could be mounted closer to the flange, and the robot could navigate
closer to the bed and the patient. Although, for instance, Mathiassen et al. [178]
tilted the probe around one axis, various other research aligned the probe with
the flange [67, 69–71, 73, 75, 76, 78, 99, 177, 208–212]. The latter configuration
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increases the size of the end-effector since the cable extends above the probe,
which is a disadvantage. Smaller probe types may take up even less space
[74, 101]. Nevertheless, since robotically actuated ultrasound probes do not need
an ergonomic shape, the next step could be to integrate the ultrasound array
in the end-effector. Finally, by measuring the depth of the needle with a laser,
the design of the needle stop takes little space and functions independently of
the needle length. In other systems, the size of the needle stop is determined by
the length of the needle [97]. A bonus of the laser-based position measurements
is the sub-millimeter accurate insertion depth measurement. This accuracy is
higher than strictly necessary during a biopsy procedure since the needle can
extract 10–15 mm of tissue in the direction of insertion. Currently, a drawback of
the system is that it needs a pneumatic connection to drive the needle brake. In
future designs, the braking mechanism could be replaced by an electric equivalent,
or audiovisual feedback could indicate the correct depth was reached.

One limitation in the current implementation is that the integrated projector
is not used yet. As a result, deformable registration of the patient with respect
to the preoperative MRI could only be based on marker detection. The necessity
of marker detection and a preoperative MRI to determine the scanning trajectory
also limits the system’s flexibility; a robotic ultrasound-guided biopsy device
that performs ultrasound-guided biopsies without the need for an MRI could
also be used for other biopsy procedures.

With the current end-effector design, intraoperative surface reconstruction
can be achieved using the projector and stereo cameras. However, a possible
improvement may be replacing these with a camera with an integrated depth
sensor (an RGB-D camera) such as the Realsense D435 (Intel Corporation, USA)
or a lidar such as the L515 (Intel Corporation, USA). These cameras readily
enable surface reconstructions based on depth measurements. These cameras
may also be used for marker detection since they also appoint colors to each
pixel in space.

8.1.2 Controller
Safety is an essential topic in medical robotics since the robots are in contact
with patients and medical practitioners. Physical interaction is characterized by
energy exchange, and thus, key features are the current potential and kinetic
energy in the robot as well as the current power. In Chapter 3, an impedance
controller was presented that avoids joint limits and restricts the energy released
in the null space of the robot. Additionally, the robotic ultrasound acquisitions
in Chapter 4 were performed with an impedance controller that limits the current
power and energy of the robot by scaling the spring stiffness and the damping.

One advantage of impedance controllers is their clear and simple physical
representation; the system can be seen as a spring and a damper connected
between the end-effector and the desired position. This system results in the
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robot behaving naturally, even while interacting with its environment. The
impedance controller reacts differently to collisions than, e.g., a position or
velocity controller. For an impedance controller, the magnitude of applied force
is a function of the spring constant and the distance between the end-effector
and the desired position; a position or velocity controller may force itself to
achieve the current desired position or velocity, leading to damage to both the
robot and the environment.

Although impedance controllers have clear advantages regarding their re-
sponse to current power and energy limits, this thesis has not studied the
appropriate limits. The limits to power and energy in specific applications are a
study in itself, and more can be read, e.g., in the work of Lachner et al. [213].

A disadvantage of the impedance controller is that the task space trajectory
following is not that accurate, see, e.g., Chapter 3, Figure 3.6. Part of the
inaccuracy comes down to imperfections in real-world scenarios, such as friction
in the joints. This is reflected in, e.g., Figure 3.5(c), where the residual energy
in the virtual spring is higher on the actual robot than in the simulations.
Furthermore, in task space, the end-effector is not a point mass, and if this is not
taken into account, the robot may not accurately follow a planned path. The
task space behavior can be improved by modulating the task space damping and
stiffness with the mass matrix of the robot, as was done in Chapter 5. However,
the passivity of the system may be compromised as the pseudo inverse of the
Jacobian is used in this method. Generally, the accuracy of a position controller
can be considered higher than the accuracy of an impedance controller. Therefore,
for the biopsy phase, a position controller may be desirable. In Chapter 6, this
issue was solved by moving the desired position until the ultrasound probe
had the desired plane. In the biopsy phase, as long as the ultrasound plane is
aligned with the biopsy target, the position-controlled needle guide is primarily
accountable for the accuracy of the needle placement.

8.1.3 Ultrasound acquisitions
In the introduction of this thesis, we identified that robotic ultrasound breast
volume scanners might improve acquisition quality, flexibility in terms of degrees
of freedom and field of view and limit deformations caused by scanning.

Chapter 4 shows the incorporation of confidence map-based ultrasound
feedback can improve the quality of robotic ultrasound scans. If the preplanned
patient-specific trajectory had small misalignments relative to the phantom, the
controller could correct this. Additionally, the work presented by Nikolaev et al.
[120] shows that the quality of the obtained ultrasound volumes generated by
this setup is comparable to regular B-mode ultrasound images.

Multiple scanning and biopsy experiments pointed out the system’s flexibility.
In Chapter 4 and 5, two very different phantoms were scanned with different
trajectories. Additionally, although the scanning experiments were performed in
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prone position, the needle placement experiments performed in Chapter 2 and 6
show that the robot also functions in supine position. These experiments also
show that the field of view is large and that in clinical practice, the device may
also image auxilary lymph nodes. These lymph nodes are essential in breast
cancer staging and cannot be imaged by ultrasound volume acquisition devices
currently on the market.

The deformation imposed on the breast was around 5 mm for the breast
volume acquisitions presented in Chapter 5. Although exact numbers are missing,
this deformation appears to be smaller than the deformations imposed by
conventional scanners that compress the breast and similar to the deformations
due to buoyancy in, e.g., the work of Nikolaev et al. [65]. As a result, the images
acquired with this setup are readily registered with preoperative MRI, as shown
in Nikolaev et al. [120].

A strong point of the implemented ultrasound feedback is the algorithm’s
robustness for varying breast stiffnesses. The controller controls the contact
area between the breast and the probe utilizing the mean confidence. On the
other hand, ultrasound scanners that use a constant force to maintain acoustic
coupling will cause varying deformations for different breast stiffnesses. However,
an irregular curvature of the surface does influence the scanning results since a
surface with a smaller radius of curvature should be deformed more to achieve
the same contact area. Hence, the preoperative images could be used to minimize
the impact of variations in curvature; the expected curvature can be measured,
and the scanning trajectory can be planned with varying setpoints of the mean
confidence. In sections where the radius of curvature of the breast is small, the
confidence setpoint should be lower than in sections where the radius of curvature
is large. Nevertheless, the controller in Chapter 4 does not have preoperative
imaging at its disposal to adjust the confidence setpoint in real-time. This
controller could reconstruct the surface based on a preliminary ultrasound scan
before the actual ultrasound acquisition takes place.

8.1.4 Accuracy
Our robotic system can improve the accuracy of the registration of ultrasound
with MRI and the accuracy of needle placement with respect to the conventional
ultrasound- and MRI-guided biopsies. Additionally, it achieved a similar accuracy
compared to existing robotic systems.

The registration accuracy reported in Chapter 2 is 1.74 mm, whereas in the
work presented by Nikolaev et al. [120] the roboticcally acquired images were
registered with MRI images with an accuracy of 3.4 mm. Fausto et al. [64]
reported a manual registration error of 4.2–5.8 mm.

The biopsy accuracy of our robotic setup is 3.03 mm and 2.89 mm, as pre-
sented Chapter 2 and 6, respectively. These errors have the same order of
magnitude, even while the biopsies in Chapter 6 had to take into account de-
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formations occurring in the phantom and the movement of the probe. The
accuracy of the conventional ultrasound- and MRI-guided biopsies is approxi-
mately 10 mm and 5–6 mm, respectively [40, 46]. Previously presented robotic
systems for breast biopsies reported accuracies in the range of 1.1 to 3.44 mm
[83, 98].

It should be noted that inter-study comparisons are complex due to the
different nature of the measurements. The results presented in this research are
ex vivo with relatively rigid phantoms while Zhou et al. and Fausto et al. reported
results obtained with actual patients. The results presented by El Khouli et
al. were obtained ex vivo also. Although some of the reviewed robotic systems
performed seemingly better than our system, due to many varying characteristics
of the experiments, such as in-air versus phantom experiments and the number
of registration steps involved, it is hard to compare them directly.

In the future, we could further improve the accuracy in several ways. Firstly,
the smart servos of the three-joint serial kinematic chain of the needle guide
use a gear transmission with some backlash. The backlash compromises mainly
the precision of the procedure, as seen in the standard deviation of the results
presented in Chapter 2, Figure 2.8. The impact of backlash can be minimized
by repositioning the probe based on needle detection in the ultrasound images.
Still, it is advisable to equip the end-effector with high accuracy backlash-less
motors.

Furthermore, we could improve the system’s calibration to improve the
accuracy. There are multiple frames on the end-effector, which play an important
role in the accuracy of the total system. These are the camera, needle guide,
and ultrasound probe frames. We derived the needle guide and ultrasound probe
frame from the computer-aided design (CAD) files of the end-effector. Accurate
calibration of these frames is necessary to achieve higher accuracy. The needle
guide frame can, for instance, be calibrated with the method described by Nelson
et al. [102], where LEDs placed on both the end-effector and biopsy needle were
tracked with a camera. The ultrasound probe’s frame may be obtained in a
similar fashion as presented by Ahmad et al. [214]. Both the ultrasound probe
and a phantom were tracked optically in this work. The coordinate frame of
the ultrasound probe could be estimated since the phantom contained some
ultrasound-visible markers as well.

8.2 Future perspective

8.2.1 Validation
The added value of medical robots should be proven with evidence before they
are adopted in clinical practice. This section discusses the current validation
experiments and considerations about (the road to) in vivo testing.
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Ex vivo

The experimental validations presented in this work are based on phantoms
with various degrees of complexity and realisticity. Most of the phantoms were
based on a polyvinyl chloride plastisol (PVCP) mixture. These phantoms can
be realistic regarding the shape and imaging characteristics. As was the case in
Chapter 5, the shape of a phantom can be made identical to an actual breast by
basing the phantom design on patient data. Furthermore, they can have varying
signal intensity on ultrasound and MRI, and structures can be made selectively
visible on either MRI or ultrasound. Additionally, different structures can be
incorporated in one phantom with subsequent molding steps. However, the
phantoms are much stiffer than real breasts. Although the stiffness of structures
can be tuned with the ratio of plastisol to PVC, the material becomes more
brittle as more plastisol is added, limiting the lowest achievable stiffness. As
discussed in Chapter 6, the Young’s modulus of the inner structures of the
phantoms may be up to ten times stiffer than actual breast tissue [182–184]. It
is expected that this primarily influences the biopsy results, as the lesion would
have a higher tendency to displace in actual breast tissue.

The quality of ex vivo ultrasound images may differ from imaging actual
breast tissue. The quantity of ultrasound gel plays a minor role when PVCP is
imaged than when human skin is imaged. Ultrasound gel is usually applied to
prevent air from being between the probe and the skin. PVCP has some liquid
trapped inside the material, making it less likely that air is between the probe
and the material.

Safety

The manipulator and the end-effector have multiple attributes to ensure patient
safety. The manipulator — the KUKA LBR MED 7 — has integrated safety
features; next to the control cycle, the robot checks several boundary conditions
and input signals at high rates. Both exceedances of boundary conditions and
these input signals can activate the robot’s brakes and multiple programmable
signals. Force, velocity and location boundaries were implemented, the latter
based on CAD drawings of the setup. The input signals are two emergency
switches that could be triggered by hand or foot. Furthermore, as discussed in
Chapter 2, the end-effector’s supply was connected to a programmable safety
signal such that the motors of the needle guide are switched off in case of
emergency as well.

However, there are some aspects regarding safety that need attention. In the
case where custom controllers drive the manipulator via the research interface
of the manipulator, it is advisable to make a software layer that checks the
feasibility of all control inputs that are being sent to the robot. Even with the
current safety measures in place, a programming error can send the robot off
the desired trajectory several centimeters before being stopped. Furthermore,
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the end-effector in its current form cannot be disinfected. This issue could
be addressed by separating the patient from the robot with an ultrasound-
transparent sheet.

Considerations for clinical trials

All suggestions regarding accuracy and safety discussed in the previous sections
should be addressed to move on to clinical trials. Additionally, each subcompo-
nent would need in vivo testing before testing the entire system.

The subcomponents that would need clinical validation are the ultrasound
acquisitions, the ultrasound/MRI fusion, the deformation modeling and the
deformation tracking. For ultrasound acquisitions, the approach for ethical
approval and the experimental process could be very similar to the work presented
on the automated cone-based breast ultrasound scanner [65]. In ultrasound/MRI
fusion, rigid transformations can be validated utilizing the external skin markers
as presented in de Jong et al. [119] or anatomical landmarks, as done in Nikolaev
et al. [120], as the gold standards. The accuracy of deformable transformations
may be validated by well-trained experts or external measurement devices such
as an RGB-D camera [215]. Deformation modeling as presented in Groenhuis et
al. [121] and deformation tracking as presented in Chapter 6 can be validated
by placing a static reference ultrasound probe on the breast to determine the
relation between the estimated and actual position of the tissue.

Finally, the biopsy should be validated. Usually, the accuracy of robotic MRI-
guided biopsies or ultrasound-guided biopsies on ultrasound-visible lesions can
be determined by imaging the site with the needle in place [103, 216]. However,
these methods are not suitable for the presented system because it is developed to
perform ultrasound-guided biopsies on lesions that are not necessarily visible on
ultrasound. The procedure could be applied to lesions visible on both ultrasound
and MRI for validation purposes. Alternatively, a tissue marker could be placed
during the procedure to confirm correct needle placement postoperatively with
an additional MRI.

8.2.2 Role in clinical practice
Since both the ultrasound-guided and the MRI-guided robotic biopsies are
focused on performing biopsies on MR-detected lesions, the question arises as to
which system is preferable.

Currently, there are no guidelines on the accuracy of needle insertion in
clinical practice, and in general, more accurate needle insertions result in more
effective treatment or accurate diagnosis [104]. The MRI-guided robot has shown
to be more accurate in phantom testing with an accuracy of 1.29 mm compared
to 2.89 mm reported in this work [116].

One advantage of ultrasound-guided biopsies is that the MRI-acquisition
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procedure remains unchanged other than that some markers should be attached
to the patient’s skin. Another advantage is that the system can be more
widely applicable since it can also be applied when women would need a regular
ultrasound-guided biopsy or an automated volumetric breast ultrasound, which
may be the case for women with dense breasts. Additionally, the system could be
applied in other diagnostic workups where ultrasound acquisitions and biopsies
are commonplace, such as muscle disease diagnosis.

A disadvantage of the ultrasound-guided robotic biopsy is the dependence
on a more extensive range of collaborating technologies and the prerequisite
that each of these technologies individually should achieve maturity. These
technologies include robot control, needle steering, registration, deformation
modeling, ultrasound volume acquisitions and reconstruction. The robotic
MRI-guided biopsies are primarily dependent on the development of actuation
technology.

A disadvantage of the MRI-guided biopsy is the prolonged MRI time, making
the procedure more expensive. The current procedure of MRI acquisitions should
be changed, and the question is whether both the detection and the biopsy of the
lesion can be performed in one go. Some discussion about the follow-up may be
necessary, which in Dutch hospitals can take place during the multi-disciplinary
consultation. In this case, the MRI time will be longer, and an additional
contrast agent administration may be necessary. On the other hand, the robotic
ultrasound-guided biopsies allow, in general, for more time between the MRI
scan and the decision to intervene.

Overall, both systems show promising features, and it is too early to write
off either option. The ultrasound-guided solution takes longer to fully mature
due to all the technologies involved, but the efforts may pay off with lower MR
time and greater flexibility. While other ultrasound-guided biopsies can be based
on similar principles, this setup may even find its calling in a different clinical
environment.
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This work aimed to develop robotic approaches to breast biopsies on lesions
only visible with magnetic resonance imaging (MRI). Robots can function both
outside or inside the MRI bore, but this work focused mainly on robotic assistance
outside the MRI bore. A robotic setup was developed with an end-effector that
enables a seven-degrees-of-freedom manipulator to assist in preoperative data-
to-patient registration, robot-to-patient registration, ultrasound acquisitions,
deformation tracking, needle detection and needle placement. To this end, the
end-effector contains an actuated needle guide, an ultrasound probe, a set of
stereo cameras, a projector and lighting.

Multiple impedance controllers were implemented on the robot. The motion
controller for the manipulator could limit the energy in the null space and avoid
reaching the joint limits while respecting the current position of the end-effector.

Phantom experiments showed that the preoperative data-to-patient regis-
tration and the lesion targeting accuracy are higher than is currently the case
in clinical practice. Registration was performed with an accuracy of 1.74 mm
while in literature, the manual registration’s accuracy was around 5 mm. Needle
placement was performed with an accuracy of 2.89 mm. Literature states that
the current accuracy for manual ultrasound-guided or MRI-guided biopsies is
10 mm and 5–6 mm, respectively. The setup could compensate for deformations
and needle positioning errors based on optical flow and needle detection algo-
rithms. However, the system currently performs less accurately while depending
on needle detection instead of the forward kinematics of the needle guide.

Multiple ultrasound acquisition algorithms were implemented with ultrasound
feedback based on confidence maps. First, the ultrasound feedback only modified
the translation and the rotation of the ultrasound probe in the image plane.
The experiments show that the quality of robotic ultrasound scans improves
if the patient-specific trajectory is supplemented with ultrasound feedback;
the ultrasound feedback compensates for offsets or missing information in the
reference trajectory with respect to the phantom. In follow-up work, the controller
also modified the pose of the ultrasound probe out of the image plane. This
modification shows that the ultrasound feedback can modify at least three
degrees-of-freedom of the end-effector configuration. As such, the robot can
achieve patient-specific trajectories based on more general input.

An magnetic resonance (MR) safe position sensor was developed based on a
spectrophotometer for robots functioning inside the MRI bore. The experiments
show that a single optical fiber gains functionality simply by replacing the single-
color light-emitting diode by a multi-color one. The smaller form factor and the
high accuracy make this sensor a valuable addition to future MR safe robots.
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Summary

In women, breast cancer is the most common cancer, and it is the leading cause
of cancer death in many countries. In the diagnostic workup of breast cancer, the
biopsy is crucial to determine the malignancy of a lesion. Its success rate mainly
depends on accurate lesion localization and needle placement. Especially when
lesions are magnetic resonance imaging (MRI)-visible only, there are limitations
in the accuracy, which can negatively impact the biopsy outcome.

Robotic assistance can take place inside and outside the magnetic resonance
(MR) bore and potentially improves the biopsy procedure’s accuracy. For outside
the MRI, the MRI and Ultrasound Robot-assisted biopsy (MURAB) project
presents a robotic setup to assist the radiologist with an ultrasound-guided
biopsy on an MR-detected lesion. The robotic setup consists of a seven-degrees-
of-freedom robotic arm holding an end-effector positioned under a patient bed.
The patient lies on this bed with the examined breast through a hole such that
it is freely accessible by the robot. The robot achieves an accurate notion of
the lesion position by combining the preoperatively acquired MRI images with
stereo vision and intraoperatively acquired ultrasound images. Additionally, a
patient-specific biomechanical model is built utilizing elastography to predict
deformations caused by needle insertion. For inside the MRI, an entirely plastic
MR safe pneumatic robot was developed, which autonomously takes a biopsy
based on the MRI images.

In this thesis, several aspects of these setups are worked out in detail. For
the MURAB project, an end-effector design containing an actuated needle guide,
an ultrasound probe, stereo cameras, a projector and lighting is presented. A
compliant controller is introduced, limiting the robot’s energy in the null space,
optimizing the joint positions relative to their limits, and avoiding the joint
limits. Furthermore, the work shows how ultrasound feedback is taken advantage
of during ultrasound acquisitions and the biopsy procedure. For the MR safe
robot, a position sensor is developed based on a spectrophotometer.

Several phantom experiments show that the robot more accurately registers
the preoperatively acquired MRI images with the patient and more accurately
targets the lesion than is currently the case in clinical practice. During robotic
ultrasound acquisitions, ultrasound feedback in the form of confidence maps
is utilized to correct a preoperatively planned trajectory, obtain higher quality
ultrasound images, and fully autonomously scan a beforehand unknown surface.
Additionally, confidence maps are used to determine when to start tracking the
lesion position when approaching the patient, and needle detection is used to
correct for errors in the current needle position. Overall, this thesis shows some
of the potential benefits of introducing robotics to breast cancer diagnosis.
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Samenvatting

Borstkanker is de meest voorkomende kankervorm bij vrouwen en in veel landen
de hoofdoorzaak van sterfgevallen door kanker. De biopsie is een cruciale
stap in de diagnostiek waarmee bepaald wordt of een laesie kwaadaardig is.
Het slagingspercentage van een biopsie hangt af van de accuraatheid van de
plaatsbepaling van de laesie en het plaatsen van de naald. Vooral wanneer de
laesie gedetecteerd is met magnetic resonance imaging (MRI), zijn er limitaties
in deze accuraatheid die de uitkomst van de biopsie negatief kunnen beïnvloeden.

Robots kunnen zowel binnen als buiten de MRI assisteren met de biopsie
en zodoende de accuraatheid verbeteren. Voor buiten de MRI presenteert het
MRI and Ultrasound Robot-Assisted Biopsy (MURAB) project een robotische
opstelling die de radioloog helpt een echogeleide biopt te nemen van een laesie
die eerder middels MRI gedetecteerd is. De opstelling bestaat uit een robot met
zeven vrijheidsgraden waaraan een eindeffector bevestigd is geplaatst onder een
bed met daarop de patiënt. De te examineren borst hangt door een gat zodat
deze vrij toegangkelijk is voor de robot. De robot krijgt een accuraat beeld
van de huidige positie van de laesie door de eerder genomen MRI beelden te
combineren met stereovisie en echobeelden. Verder wordt een patiëntspecifiek
biomechanisch model opgebouwd aan de hand van elastografie, welke gebruikt
kan worden om deformaties tijdens het plaatsen van de naald te voorspellen.
Voor binnen de MRI is er een plastic, pneumatische, magnetic resonance (MR)
safe robot ontwikkeld welke autonoom een MRI-geleide biopt kan nemen.

In deze thesis worden verschillende onderdelen van deze setups verder uit-
gewerkt. Voor het MURAB project wordt o.a. het ontwerp van de eindeffector
gepresenteerd uitgerust met een geactueerde naaldgeleider, een echokop, stereo-
camera’s, een beamer en verlichting. Verder wordt er een compliante besturing
voor de robot geïntroduceerd welke de energie in de nulruimte van de robot
limiteert, de posities van de assen optimaliseert ten opzichte van hun limieten
en ook voorkomt dat de limieten geraakt worden. Tot slot wordt uitgewerkt hoe
je echobeelden kunt gebruiken als terugkoppeling tijdens beeldopnames en het
biopsieproces. Voor de MR safe robot is een positiesensor ontwikkeld gebaseerd
op een spectrofotometer.

Middels fantoomexperimenten laten we zien dat de robot accurater preoper-
atieve MRI beelden kan registreren met de patiënt en de naald accurater kan
plaatsen dan nu het geval is in de kliniek. Tijdens robotische echo-opnames
kunnen confidence maps teruggekoppeld worden om het preoperatief geplande
pad aan te passen en een betere kwaliteit echobeelden te verkrijgen. Ook onbek-
ende oppervlakken kunnen autonoom gescand worden. Verder zijn confidence
maps ingezet om te bepalen wanneer het systeem kan starten met het volgen
van de laesie, en naalddetectie wordt ingezet om fouten te corrigeren in de
naaldplaatsing. Al met al laat deze thesis de mogelijke voordelen zien die het
inzetten van robotica bij de diagnose van borstkanker kan bieden.
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Abstract
We present a spectrophotometer (optical density meter) combined with electro-
magnets, dedicated to the analysis of magneto-tactic bacteria. We ensured that
the system can be easily reproduced by keeping the complexity and price of
the system low, and by providing the source of the 3D prints for the housing,
the electronic designs, circuit board layouts, and microcontroller software. We
compare the performance of this novel system to existing adapted commercial
spectrophotometers. We demonstrate its use by analyzing the absorbance of
magneto-tactic bacteria as a function of their orientation relative to the light
path and their speed of reorientation after rotating the field by 90°. We con-
tinuously monitored the development of a culture of magnetotactic bacteria for
five days and measured the development of their velocity distribution for an
hour. Even though this dedicated optical density meter is relatively simple and
inexpensive, the data extracted from suspensions of magneto-tactic bacteria
is rich in information and will help the magneto-tactic research community
understand and apply this intriguing micro-organism.

Note – This work is very much a team effort, which is reflected in the number of
co-authors on this paper. My role was as follows: I designed the last versions
of the mainboard of the optical density meter (1.1, 2.0 and 2.1) and multiple
iterations of the measurement electronics. I assembled and tested parts of the
electronics. I advised and supervised students that took part in this project.
Furthermore, I contributed to the initialization and realization of this paper. My
contributions were mainly focused on the layout, editing, and the design section.
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A.1 Introduction
Magnetotactic bacteria posses a chain of iron-oxide or iron-sulfide nanocrystals
that makes them align with the earth magnetic field [217, 218]. This property
allows them to search efficiently for the optimimum redox conditions in stratified
water colums [219]. Schüler and colleagues discovered that the transmission of
light through suspensions of magnetotactic bacteria is influenced by the direction
of an externally applied field [220]. This effect has been succesfully applied
as a simple method to monitor for instance the cultivation of magnetotactic
bacteria [221–224], and to assess their velocity [225, 226].

A.1.1 Research question and relevance
Commonly, the field-dependent transmission of light through a suspension of
magnetotactic bacteria is measured by expanding a standard spectrophotometer
with a magnetic add-on. These spectrophotometers are also known as optical
density meters, and are commonly used in biolabs to determine cell concentra-
tions.

The modification of existing spectrophotometers with magnetic add-ons has
several disadvantages: these instruments are relatively complex and expensive, so
modifications are mostly done on depreciated equipment; most instruments con-
tain magnetic components that disturb the field and there is generally little space
to mount electromagnets, certainly not in three dimensions; the various types of
spectrophotometers and magnetic field generators and the variations between
laboratories lead to a lack of a standardized measurement; more fundamentally,
most spectrometers are not intended for sub-second continuous registration of
absorbance over time. They are operated manually, and often use flash lights.

In this publication we present a spectrophotometer that intimately integrates
the optical components with a magnetic field system, and is dedicated to the re-
search on magnetotactic bacteria (figure A.1). Additionally, the design considers
that students at the master or early PhD level should be capable to construct
such an instrument, both with respect to complexity and price. Our main
research question was how this new magnetic optical density meter (MagOD)
compares to existing adapted spectrophotometers, and which novel measurement
strategies it enables.

A.1.2 Previous work
The system we want to construct is still a spectrophotometer, but than combined
with a magnetic field system. It is therefore useful to compare with commericial
spectrophotometers. These systems generally use a Xenon light source and
monochromator with a large wavelength range. Table A.1 lists an overview
of specifications of representative commercial systems (Biochrome Ultrospecs
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Measurement board Measurement head

Figure A.1: Photograph of an open-source spectrophotometer with magnetic field option
(MagOD). The system consist of a measurement head (left) in which a cuvette with a suspension
of magnetotactic bacteria is inserted. The measurement board (right) is dedicated to control
of the magnetic field, data acquisition and communication with the user over a touchscreen
and wifi. The design of the system is open, including layout for electronic circuit boards (top
left), 3D print source files (top right) and control software.

and the Eppendorf Biophotometer used by us for comparison), including their
wavelength range (𝜆min - 𝜆max), spectral bandwidth (Δ𝜆), maximum absorbance
(𝑂D, see equation A.2) and approximate price.

The first spectrophotometer modified with a magnetic field module was
presented by Schüler [220]. This device was based on standard optical components
and used a permanent magnet generating a 70 mT field. Later versions were
constructed around commercial optical density meters such as the ones presented
by Lefèvre [225] (based on a Varian Cary 50 UV) and Song [224] (based on a
Hitachi U2800). In their case, the magnetic field is generated by coil systems
that can generate adjustable fields up to 6 mT [225].

Also, table A.1 presents the MagOD system we introduce in this paper. Its
optical properties and price range compare well to standard commericial systems,
whereas its field range is similar to the adapted systems by Lefèvre and Song.

A.1.3 Structure and contents
In this paper, we first discuss a model on the relationship between the transmis-
sion of light and the orientation of magnetotactic bacteria (Section A.2). Next
to the specifications listed in table A.1, we defined other specifications that are
important for the analysis of magnetotactic bacteria and the open source nature
of the instrument. Our design choices are discussed in section A.3. The results
section is divided into two parts. In section A.4.1, we analyse the performance
of our current implementation and compare it to a commerical optical density
meter. Section A.4.2 illustrates the possibilities of the novel system by giving
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Table A.1: Optical density meters.

𝜆min 𝜆max Δ𝜆 𝑂D 𝐵 Price

(nm) (nm) (nm) (mT) (Eu)

Ultrospec 8000 190 1100 0.5 8 12 000

Biophotometer D30 230 600 4 3 5000

Ultrospec 10 600 600 40 2.3 1300

Schüler [220], 1995 637 637 18 70

Lefèvre [225], 2009 190 1100 1.5 3.3 0–6

Song [224], 2014 190 1100 1.5 6 0–4.3

MagOD (this study) 465 640 25 2 0–5 2000

four examples of experiments to extract information on the magnetic behaviour
of magnetotactic bacteria. This instrument is still very much work in progress,
and we invite the magnetotactic bacteria community to participate. For this,
we indicate possiblities for improvements and ideas for further applications in
section A.5.

A.2 Theory

The standard method to determine the fraction of bacteria with magnetosomes
in a culture is to observe the changes of light transmitted through a suspension
of bacteria under rotation of a magnetic field [220]. The transmission of light
is dependent on the relative orientation of the bacteria to the light path. For
MSR-1, which are long, slender bacteria, the transmission is high when the field
is perpendicular to the light path, whereas it is low when the field is aligned
parallel to the light path. This is somewhat counter-intuitive, since MSR-1 have
the smallest projected cross-section when they are aligned along the line of view.
(As an analogue to blinds, MSR-1 let the light pass if the blinds are closed).

It is important to realize that we measure the intensity of light reaching the
photodetector. The light leaving the light source can either be absorbed by
the suspension of bacteria, or be scattered sideways so that it does not reach
the photodetector. Highly dense suspensions of magnetotactic bacteria have
a white appearance like milk. In analogy to milk, it is therefore very likely
magnetotactic bacteria scatter, rather than absorb, light. MSR-1 are small
compared to the wavelength of the incident light, especially considering their
cross-section. Additionally, their index of refraction is only slightly higher than
the surrounding liquid. These small ‘optically soft’ objects scatter more light in
the forward direction if their projected area along the light path increases [227].
This would explain why the light intensity on the photodetector drops if the
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Figure A.2: Defintions of various angles. In the MagOD we set the angle 𝜃 between the light
path and the magnetic field 𝐵. The bacteria align into the direction of the field, but can
deviate by a small angle 𝜙, in a cone around the field direction described by 𝛽. As a result,
the angle between the bacteria long axis and the light is 𝛼. In case of sufficiently large fields,
𝜙 = 0, 𝛼 = 𝜃 and 𝛽 is irrelevant.

MSR-1 are aligned with the light beam.
For MSR-1, the projected area is roughly proportional to the sine of the

angle between the long axis of the bacteria body and the light path. Due
to Brownian motion and flagellar movement, the bacteria will not be aligned
perfectly along the field direction but show an angular distribution. The width
of this distribution will reduce with increasing field. In the following, we develop
a simple theory to account for this effect. Since the MagOD meter allows us to
accurately adjust the angle and strength of the magnetic field, we can use it to
validate the approximation.

A.2.1 Angle dependent scattering, 𝐶mag

We define the angle between the light path and the MSR-1 long axis as 𝛼 (see
figure A.2) and introduce a scattering factor relative to the intensity of light
reaching the photodetector (𝐼(𝛼) with unit V).

𝑔(𝜃) = 𝐼max − 𝐼(𝛼)
𝐼max − 𝐼min

(A.1)

For MSR-1 the photodetector signal 𝐼 has a maximum when the MSR-1
are aligned perpendicular to the light beam (𝐼max=𝐼(90)=𝐼⊥), at which point
scattering, 𝑔(90), is minimal.

Schüler [220] introduced a parameter to characterize the relative fraction
of magnetotactic bacteria by comparing the light reaching the detector for
the magnetic field aligned parallel and perpendicular to the light path (𝐶mag,
‘coefficient of magnetically induced differential light scattering’ or ‘ratio of
scattering intensities’ [228]). Assuming that the scattering intensity can be
estimated from the reduction of light reaching the detector as compared to the
reference value of a sample without bacteria (𝐼ref), the original definition is
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𝐶∗
mag = 𝐼ref − 𝐼(0)

𝐼ref − 𝐼(90)
.

With increasing concentration of bacteria, the total amount of light reaching
the photodetector will decrease. In microbiology, traditionally cultures are
characterized by a parameter (‘optical density’) that relates the reduction in
light intensity to the reference value on a 10-base log scale1.

𝑂D(𝛼) = log ( 𝐼ref
𝐼(𝛼)

) = log (𝐼ref) − log (𝐼(𝛼)) (A.2)

After the pioneering work of Schüler, researchers started to equip these
optical density meters with magnetic fields. Using these instruments, it is more
convenient to define 𝐶mag as [224, 228, 230, 231]

𝐶mag =
𝑂D∥

𝑂D⊥
= log(𝐼ref) − log(𝐼(0))

log(𝐼ref) − log(𝐼(90))
(A.3)

Nowadays, the latter definition is commonly used. It should be noted
however that the values are not identical, not even for 𝐶mag close to unity
(see appendix A.7). Since in the absence of magnetotactic bacteria 𝐶mag equals
unity, often (𝐶mag-1) is plotted [223, 228, 231–233].

Next to the ratio, it is insightful to study the absolute difference between
the absorbances in the parallel and perpendicular direction

ΔOD = 𝑂D∥ − 𝑂D⊥

= log(𝐼(90)) − log(𝐼(0)) (A.4)

This difference is proportional to the absolute amount of magnetotactic
bacteria that rotate in the field.

A.2.2 Dynamic response
When measuring 𝐶mag with adapted photospectrometers, the 𝑂D values are
measured over a long interval and the actual rotation of the bacteria is not
measured. The MagOD system however can measure at sub-second intervals
and monitor the dynamic behaviour of the bacteria. The response of bacteria
to a change in field direction is determined by the balance between magnetic
torque and rotational drag torque [234–236]. Alignment of a bacterium to an
external magnetic field with angle 𝜙(𝑡) (see figure A.2) can be described by a
simple differential equation:

1Analogue to the Beer-Lambert law. It should be noted however that the relation between
𝑂D and cell concentration is only approximate [229].
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𝑓𝜕𝜙(𝑡)
𝜕𝑡

+ 𝑚𝐵 sin 𝜙(𝑡) = 0,

where 𝑓 [N m s] represents the rotational drag coefficient, 𝑚 [A m2] the
magnetic dipole moment of the bacterium, and 𝐵 [T] the magnetic field strength.

For the determination of 𝐶mag, we rotate the field by 90° very quickly.
Therefore, initially we can assume the bacterium to be orthogonal to the magnetic
field 𝜙(0) = 𝜋/2. Solving the differential equation than leads to:

𝜙(𝑡) = 2 cot−1 exp (𝑚𝐵
𝑓

𝑡)

≈ 𝜋
2

exp (−0.85𝑚𝐵
𝑓

𝑡). (A.5)

The approximation is better than 0.065 rad (appendix A.8). The angle 𝜙 can
be indirectly estimated from the measured scattering as described by equation
A.1, if we assume that the bacteria remain in the plane of rotation (𝛽 = 0).
The settling time of this transition period is characterised by time constant
𝜏 = 𝑓/𝑚𝐵. As in Pichel et al. [234], we scale the response time to the magnetic
field, introducing a general rotational velocity parameter 𝛾 (rad/Ts):

𝛾 = 𝑚
𝜋𝑓

= 1
𝜋𝜏𝐵

.

A.2.3 Brownian Motion

When we remove the magnetic field, magnetotactic bacteria will quickly reorient
in a random orientation distribution by Brownian motion, and possibly their
flagellar motion. For the same reason, the bacteria will not align perfectly along
the magnetic field. The alignment will become better at higher fields, so we may
expect 𝐶mag to be field dependent. We consider the effect of Brownian motion
first.

The propability distribution of finding MTB tilted at an angle 𝜙0 from
the magnetic field direction, 𝑏(𝜙0), is determined by the ratio of magnetic
(−𝑚𝐵 cos(𝜙)) and thermal energy (𝑘𝑇) according to the Boltzmann distribution
(see e.g. textbook by Kittel, chapter 12 [237]). We should take into account that
energy states for a specific value of 𝜙 exist in a full revolution around the field
axis (𝛽 = 0..2𝜋). Therefore
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𝑏(𝜙0) =
∫2𝜋
0

𝑒𝑎 cos 𝜙0 sin(𝜙0)𝑑𝛽

∫𝜋
0

∫2𝜋
0

𝑒𝑎 cos 𝜙𝑑𝛽𝑑𝜙

= 𝑎
2 sinh(𝑎)

sin(𝜙0)𝑒𝑎 cos(𝜙0),

where 𝑎 = 𝑚𝐵/𝑘𝑇, with 𝑘 (J K−1) the Boltzmann constant and and 𝑇 (K)
the temperature.

As a first order approximation, we assume that the scatter factor is propor-
tional to projection of the bacteria shape on the light direction. Defining 𝛼 as
the angle between the bacteria long axis and the lightpath, the scattering factor
(equation A.1) than becomes

𝑔(𝛼) = 1 − |sin(𝛼)|

The angle 𝛼 is the combined result of the angle between the light and the
field direction 𝜃 and the angle between the bacteria and the field 𝜙. One can
show that the relation between 𝛼 and these three angles is

cos(𝛼) = − sin(𝜃) sin(𝜙) cos(𝛽) + cos(𝜃) cos(𝜙)

resulting in an expression for the scattering factor

𝑔(𝜃, 𝜙, 𝛽) = 1 − √1 − cos(𝛼)2

The average scattering factor can be obtained by double numerical integration,
first over all values of 𝛽 and than over the distribution of 𝜙

< 𝑔(𝜃) >= ∫
𝜋

0
𝑔(𝜃, 𝜙)𝑏(𝜙)𝑑𝜙,

The numerical integration was performed in python, the source code of
which is available as Supplementary Material. Figure A.3 shows the resulting
average scattering factor as a function of the applied field angle for varying
energy product 𝑚𝐵. At an energy 𝑚𝐵 well above 40 kT, the angular dependence
approaches a 1 − sin(𝜃) relationship.

Assuming a dipole moment of 0.25 fA m2 as reported in our earlier work [234],
𝑚𝐵=40 kT corresponds to a field of about 0.7 mT. Therefore fields in the order
of a few mT may be sufficient to obtain the maximum value of 𝐶mag.
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Figure A.3: Calculation of the average scatter factor as a function of the angle of the field with
respect to the light incidence, for varying values of the product of the magnetic moment of the
magnetosome chain 𝑚 and the applied field 𝐵, in units of 𝑘𝑇 at room temperature. When all
bacteria are perfectly aligned (𝑚𝐵/𝑘𝑇 = ∞), the average scatter factor is inversely correlated
to the projection cross section of the bacteria on the light path (𝑔 = 1 − sin(𝜃)). At lower
fields, the loss of alignment reduces the angular dependence, which disappears for 𝑚𝐵 < 𝑘𝑇.

When the field is removed, the scatter factor 𝑔0=0.2146. In this case the
intensity on the detector 𝐼0 = 𝑔0𝐼(0) + (1 − 𝑔0)𝐼(90), which we can relate to the
average 𝑂D of the suspension

𝑂D = log(𝐼ref
𝐼0

) =

− log (𝑔010−𝑂D∥ + (1 − 𝑔0)10−𝑂D⊥)

In the above we ignored the disturbing force caused by the flagella. Flagellar
motion is complex, so the disturbing force is difficult to calculate. We know
however that in natural conditions, magnetotactic bacteria can use the earth
magnetic field of about 50 μT to navigate. In this low field 𝑚𝐵 is only 3 kT. If
the stochastic energy provided by the flagella is much larger than this value, the
bacteria would not be able to follow the field. This suggests that for fields in
the order of mT, flagellar motion can be ignored.

A.3 Method
The MagOD system is an alternative for the modified commercial optical density
meters that are currently used in magnetotactic bacteria research. It should
therefore use compatible cuvettes and have comparable specifications. The



A

OD METER FOR ANALYSIS OF MAGNETOTACTIC BACTERIA 151

RGB LED

PD sig

B

 

PD ref

z
x

Measurement head

Temp(°C)

Coils

Coil Y

Measurement board

Motor drivers

SD

Current sense

Info Menu

Time

O
D

Screen

μC

Dev. Module

Reg.
3V

Reg.
5Vdig

Buffer

Reg.
5Van

ADC

ADC

LED 
Driver

I2C, 3V

5Vdig

SPI, 3V

5Van

5Van

12V

230V

12V

12V

PWM

PWM
Dir.

Figure A.4: Diagram of the system: Measurement head: LED, refdiode, diode, amplifier stages,
coils, cuvette, bacteria. Measurement board: outlet to 12 supply, 12 V to 5 V analog and
digital, microcontroller, AD converter, LED driver, motor shields, current sense, HDMI cable,
coil cable, SD card, WIFI. User interface: resistive touch screen. Measurement board and user
interface reside in the same housing.

preferred wavelength at which absorbance is measured is in around 600 nm and
maximum absorbance is approximately 1.4 [225]. Intensity variations due to
change in direction of the magnetic field can be as high as 200 %, but values as
low as 2 % are reported [224]. Fields up to 70 mT are applied [220], but there
are indications that saturation occurs already at 2 mT [224]. As requirements for
our design we therefore would like to have a wavelength of 600 nm, absorbance
range of at least 1.5, intensity resolution better than 1 % and magnetic field
above 2 mT.

The MagOD has two main components, see figure A.4. The cuvette filled
with the sample to be investigated is inserted into the Measurement head that
holds the light source and photodetector circuit boards, the three coil sets and
additional sensors (such as temperature). The measurement head is connected
to the Measurement board that holds the analog-digital converters, the drivers
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for the magnetic field generation and the light source. On the measurement
board a micro-controller is mounted, which is connected over the board to the
analog-digital converters, the data storage card and a touchscreen.

A.3.1 Measurement head
We designed the measurement head as compact as possible to keep the vol-
ume and power consumption low. The dimensions of the standardized cuvette
(12.5 mm × 12.5 mm × 45 mm) determine the size of the coil system, which es-
sentially sets the outer dimensions of the measurement head. The circuit boards
for the light source and sensors are embedded inside the coil system, with sensors
located as closely to the cuvette as possible.

Mechanical

Since the measurement head carries all components, it is a complex structure
that has to be modified regularly to adapt for changes in component dimensions
and added functionality. Therefore we decided to realize the structure by 3D
printing, so that modifications can be easily implemented. Printing in metal
still is prohibitively expensive, so the measurement head itself cannot act as
electromagnetic shielding. Instead, shields will have to be implemented on
the circuit boards. However, it is possible to 3D print in black nylon, so that
the photodetector is shielded from external light and the parts can be easily
disinfected using a 70 % ethanol/water solution.

The measurement head consists of over a dozen parts. The design is parame-
terised using the open source OpenSCAD language, so that dimensions can be
easily changed. The source files are available on Thingiverse.com.

Coil system

We have the choice between permanent magnets or electromagnets with or
without cores to apply a magnetic field. Since the field to be applied is relatively
low, electromagnets without cores provide the simplest solution. The field is
directly proportional to the current and there is no hysteresis, so no additional
magnetic field sensors are required. The disadvantage of not having a core is it
that the maximum field is limited to a few mT. Higher fields can only be applied
for short periods of time, limited by coil heating.

The magnetic field is generated by three sets of two coils located on either side
of the sample. The dimensions of the coils are more or less defined by the cuvette
height, but we can choose the wire diameter to optimize the number of windings
𝑁. The field in the coil is proportional to the product of the current 𝐼 and 𝑁. The
resistance 𝑅 of the coil scales approximately with 𝑁2 for fixed coil dimensions.
Therefore, the power dissipated in the coils (𝐼2𝑅) is relatively independent on the
number of windings for a given field strength. The inductance of the coil 𝐿 scales

https://www.thingiverse.com/thing:3122930
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Table A.2: Example of coil specifications.

Jantzen Audio coil nr. 1235 0996

Wire gauge 18 22 AWG

Wire diameter 1.0 0.64 mm

Resistance 21 53 mΩ/m

Inner diameter 42 42 mm

Outer diameter 57 53 mm

Height 21 21 mm

Inductance 0.94 2.9 mH

Resistance 0.5 2.1 Ω

Cut-off frequency 85 115 Hz

Windings2 80(3) 140(7)

Current for 1 mT 0.93 0.54 A

Voltage for 1 mT 0.44 1.1 V

Power 0.4 0.5 W
1 estimated from resistance and inductance
2 estimated from number of windings
3 from measurement of figure A.9

with 𝑁2, so the cut-off frequency (proportional to 𝑅/𝐿) is also fairly independent
on the choice of the coil wire diameter. The choice for wire diameter is therefore
mainly determined by the availability of power supplies, specifications of H-
Bridges and current ratings on connectors. Table A.2 shows the specifications of
two commercially available coils (Jantzen Audio 000-1235 and 000-0996) as an
example. The number of turns were estimated from the coil resistance (using
literature values for wire resistance) and the coil inductance [238]. The MagOD
implementation used in this publication incorporates the coil with the larger
number of windings (996) to benefit from the substantially lower currents, but
at the expense of a slightly higher cut-off frequency and power consumption.

Temperature sensor

Electromagnets — especially those without cores — produce heat as a byproduct
of the magnetic field. In the absence of active cooling the temperature of
the sample under investigation can raise quickly. This is especially a problem
when working with micro-organisms. Therefore, it is important to monitor the
temperature of the cuvette. The best option would be to instert a temperature
sensor into the cuvette. This method however is cumbersome and carries the
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risk of exposing the sample to the outside air. The temperature of the coils can
be estimated from their resistance, but that would overestimate the temperature
of the cuvette. Therefore, we chose to mount a simple NTC temperature sensor
in the housing, as closely as possible to the cuvette.

Light source

Ideally, the absorption pattern of a specimen is measured over a large range of
wavelengths. Most optical density meters use a wide spectrum Xenon flash light
in combination with a monochromator. This is a rather power-hungry, bulky solu-
tion (>10 W, 20 mm), and overkill for the observation of magnetotactic bacteria.
Instead, we chose an RGB LED as source. These LEDs are simple to control,
can be mounted closely to the cuvette, can be operated in continuous mode
and can be easily adjusted in intensity using pulse width modulation (PWM).
The wavelength however cannot be chosen continuously, but the wavelength
spectrum is determined by the LED type. Moreover, the wavelength bandwidth
per color is rather large (25 nm compared to 5 nm for monochromators). Finally,
the light intensity of a LED is small compared to Xenon lights or lasers. Based
on manufacturers data, we estimate that in our current implementation the LED
power is approximately 0.2, 0.1 and 0.7µW/mm2 for 645 (red), 520 (green) and
460 nm (blue) light respectively. This however is sufficient for most suspensions
of magnetotactic bacteria.

The LED has a non-diffuse housing such that the light output in the direction
of the sample is optimal. The LEDs can easily be exchanged for e.g. a yellow or
UV LED, since they are mounted on a separate board.

The LED is mounted in common anode configuration such that it can be
driven by NPN mosfets and the supply difference between the LED (5 V) and the
microcontroller (3 V) does not cause an issue. The frequency of the PWM signal
is well above the cut-off frequency of the photodetector amplifier. The brightness
of LEDs decreases with time. To monitor the LED intensity, a photodiode is
placed in close vicinity, before the light enters the cuvette.

Photodiode

The detection of the light passing the cuvette can be done with photo-multiplier
tubes, avalange photodiodes and silicon photodiodes. Photo-multipliers have
very high sensitivity, but are quite bulky, require high voltages and perform less
well at long wavelengths. Avalange photodiodes are also very sensitive, but suffer
from non-linearity, noise, high temperature dependence, and also require high
voltages to operate. Since the transmission of light through most magnetotactic
bacteria suspensions is hight and we work at low acquisition frequencies, the
silicon photodiode sensitivity is sufficient. We can take advantage of its small
form factor, linearity and ease of operation. We used the more light-sensitive
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large-area photodiodes (PD) to boost sensitivity. The diode is operated in
photovoltaic mode. In this mode the bias voltage is zero, so the dark current,
which is highly temperature sensitive, is minimized.

In the current MagOD implementation, the PD current is amplified by a
two-stage opamp circuit since the signal is too weak for a single stage amplifier.
The first stage is a current to voltage converter. A low noise JFET opamp is
applied, because this type of opamp has a low input current offset, which reduces
DC errors and noise at the output. The first stage has the largest amplification
in order to minimize the amplification of noise. The amplifier circuit is located
right behind the PD inside a EM-protective casing, so that noise picked up by
the cabling to the main board is not amplified and interference is minimized.

A.3.2 Measurement board
Placing the photodiode amplifier directly behind the photodiode is a good way to
suppress interference. We have the option to transport the amplified photodiode
signal directly to the measurement board or to include the AD converter next
to the amplifier in the measurement head and convert the analog to a digital
signal. The analog option has the advantage of a small form factor for the circuit
board and better access for testing. The digital option will suffer less from
interference and allows for simpler cabling. Since the current implementation
of the MagOD system is very much a development instrument, we chose to
move the AD converters to a separate measurement board, together with the
microprocessor and other peripherals.

AD converter

The measurement board has two analog-to-digital (AD) converters to read out
the various analog signals on the system. As the measurements are normally
performed on a larger timescale, we chose converters which are able to perform
measurements with a sampling rate up to 860 Hz and have integrated anti-aliasing
filters. A resolution of 16-bit provides an upper limit to the absorbance of 4.8,
which is more than sufficient. In practise, the absorbance range is limited by
stray light scattering around the sample.

The AD converters have a free-running mode, which performs measurements
at an internally defined clock rate. A data-ready pin functions as an external
interrupt such that the microcrontroller can be freed for other tasks while waiting
for the AD converter to finalize its acquisition step.

Microcontroller

Since data acquisition rates are low, the MagOD system can be easily controlled
by a microcontroller (𝜇C). We can benefit from recent developments in cheap,
versatile 𝜇C development platforms. Rather than embedding the microprocessor
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directly on the the electronic board, we chose to include the 𝜇C as a development
board. This way, the system can be easily assembled, debugged and repaired.

The current implementation of the MagOD instrument is built around an
ESP32 development board. The ESP32 𝜇C has several characteristics that make
it very suitable for this application: it has a small form factor, a fast 32-bits
dual core processor operating at 240 MHz, WiFi and Bluetooth and several
peripheral interfaces such as SPI and I2C. This 𝜇C is very popular, resulting
in a large amount of dedicated libraries, examples and discussions in internet
fora. Additionally, there is a plugin for the Arduino IDE and many libraries are
natively compatible, so inexperienced developers can start with little effort.

Display

A resistive touch screen is added to conveniently control the system either with
or without protective gloves. Additionally, the screen provides the user with
information on the current and past states of the measurement and levels of the
signals. Line drivers on the main board ensure communication is reliable.

Storage

The storage of the acquired data and the recipes is done on a Secure Digital
(SD) card. These cards are readily available in a variety of capacities, are widely
applied in DIY projects, and are replaceable in case of a damaged card. The
SD card can be interfaced to the 𝜇C in the SPI, the 1-bit SD, and the 4-bit
SD mode. While the data transfer is faster using the 4-bit SD mode, we chose
the SPI mode since it is well supported and the write speed is sufficient for our
purpose. However, the write time to an SD card over an SPI interface using the
ESP32 micro-controller is unpredictable, with SD card induced peaks in write
time of at least 50 ms. Fortunately, the ESP32 has two cores, so unpredictable
processes like access to the SD card, reaction to touch screen input and WiFi
file transfers can be moved to a separate core.

Current drivers

The current through the coils needs to be controlled to obtain a specific magnitude
of the magnetic field. We use PWM and benefit from the fact that the high
inductance of the coil provides a low frequency cut-off filter for free. The use
of PWM minimizes power dissipation in the supply, but results in a current
ripple and consequently a ripple in the magnetic field. This ripple can be
suppressed by choosing a sufficiently high PMW frequency. We use commercial
motordrivers because these are specialized to drive high currents through a coil
in two directions based on a simple two-wire control. The currently employed
drivers work with frequencies up to 20 kHz, suppressing the ripple by at least a
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factor of 100. The drivers can be interchanged by alternative motor drivers with
similar capabilities.

The magnetic field is linearly dependent on the current. However, the current
is not linearly dependent on the PWM duty cycle, as the internal resistance of
the coil will vary due to temperature changes. A precise measurement of the
current is necessary to close the loop and to assess the applied magnetic field.
Therefore, a shunt resistor is placed in series with each coil. The voltage drop
over this resistor is amplified using a current sensing amplifier and digitized with
the AD converter. The measured signal can either be used to determine the true
current, or applied in a feedback loop to compensate for coil heating.

Power Supply

The measurement board electronics operate at low voltages (3 or 5 V). However,
the magnetic coil system is preferably operated at higher voltages, to limit the
currents and subsequent requirements for cabling and connectors. For reasonable
winding wire diameters, the currents are in the range of a few ampere and the
resistance of the coils in the order of a few ohm. Therefore, we selected for the
main on-board supply 12 V, for which a wide range of external power supplies
are available and which even allows for operation from a car battery while in
the field.

In the current MagOD implementation, the three coil sets have a combined
resistance of 4.2 Ω at room temperature. The maximum current is close to 3 A
with 12 V. This maximum current through each coil set simultaneously would
require a power supply of at most 120 W.

The analog and digital circuitry have a separate 5 V supply line to prevent
noise originating from the switching nature of the digital circuitry to interfere
with the measurement. The analog 5 V supply is built using an ultra low noise
linear regulator, whereas the digital 5 V is built with a switching regulator. The
latter is more efficient, but produces inherently more electronic noise. The
3 V needed for the 𝜇C originates from a linear regulator integrated on the
development board.

Enclosure

The device is enclosed in a lasercut plastic housing. The choice for plastic was
made since it does not block the WiFi signal. We do not have to worry about
interference signals, since the measurement signal is amplified in the measurement
head and the unshielded sections of the leads to the AD converter are kept very
short.

The design is made such that no extra materials are needed for assembly.
Additionally, the parts can be manufactured with a 3D printer. The source code
for the enclosure design is available on github.

https://github.com/LeonAbelmann/MagOD
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A.3.3 Cabling

While designing the MagOD system, it was envisioned that measurements could
take place inside controlled environments, such as incubators and fridges. There-
fore the system was separated into two parts, connected by cabling. Components
that did not need to be on the measurement head were moved to a separate
module. This approach has the disadvantage of the additional complication
of cabling and connectors. To mitigate this problem, we chose to resort to
commercially available cabling where possible.

For the communication with the amplifier boards in the measurement head we
chose an HDMI cable. These contain shielded twisted pair cables with separate
non-isolated ground line that are perfectly suited to transmit analog signals with
low interference (5V, signal, ground). The HDMI interface progressed through
several standards. The HDMI2.1 + Internet standard has five shielded twisted
pair that can be used for measurement signals (for instance 3 photodiodes, NTC
and Hall sensor) and four separate wires that can be used for control signals (3
LEDs). The connectors on the main board, amplifier boards and motor drives are
standard Molex connectors. The coils are connected to standard measurement
leads with banana connectors. The connection from the banana plugs to the
measurement head is based on a Hirose RP 6-pole connectors, which is the only
cable that cannot be purchased in assembled form.

A.3.4 Software

Most modifications to the MagOD system will be at the software level, which
will primarily be done by students. Generally, (electrical) engineering students
and many hobbyists are skilled in programming of Arduino development boards.
Therefore, the microprocessor (ESP32) was programmed in the same way as
an Arduino project, using C++ and the native Arduino IDE both as compiler
and uploader. This has the major advantage of a neglible entry barrier for
inexperienced microprocessor programmers.

The disadvantage of the Arduino IDE is that it is not very suitable for larger
projects. The current implementation is already exceeding 5000 lines of code.
To partially relieve this issue, the code was set up in a highly modular way to
assist new programmers in navigation, using only one main source file (.ino, .h)
of 1000 lines, and a dozen local library source files (src/*.cpp) for e.g. screen
access, readout of the ADC, writing to Flash memory, Wifi access. The source
code can be found on github.

The data is collected on the SD card and transferred over WiFi is in a format
that can be easily imported and displayed in a spreadsheet program. For more
advanced analysis, python scripts are available on github.
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A.4 Results

We analyse the performance of the current implementation of the MagOD, and
compared it to a commerical spectrophotometer in the first part of this results
section. To illustrate the possiblities of the new instrument, we give three
examples in section A.4.2.

A.4.1 Performance
Several iterations of MagOD systems have been realised based on the design
considerations of section A.3. We expect that more iterations will follow, not
only by our team but also by others in the field of magnetotactic bacteria. The
most recent implementation can be found online at github. We measured the
performance on the current implementation of the MagOD meter (version 2)
with respect to the optical and magnetic components to provide a baseline for
future improvement.

LED and Photodetector

Photodectector sensitivity The MagOD systems is equipped with a three
color LED which allows selection of three wavelenghts (peak intensities at 645,
520 and 460 nm), either individual or in combination. The LEDs are indvidually
driven by a PWM voltage to adjust their intensity, for instance to match the
transmission of light through the liquid in the cuvette. A reference photodiode
is mounted adjacent to the LEDs which captures a small fraction of the LEDs’
light, to monitor variations in the emitted light intensity. Figure A.5 shows the
signal of the detector and reference photodiodes as a function of the average
LED power, for the three different wavelenghts. The light pattern is shown in
figure A.18 in the appendix, with a video in the Supplementary Material.

Space restrictions forced us to design the two stage amplifier such that the
output decreases with increasing LED power. The reference photodiode, which
has only one amplifier stage, has an increasing output with increasing intensity.

The relation between output voltage and intensity is linear for the red and
green LED, but not for the blue LED at higher intensities. Measurement with
liquids of different absorbance (figure A.19 in the appendix) confirm that the
senstivity to the blue light drops at high intensity of the incident light.Therefore,
the blue LED should only be used for accurate absorbance at low indicent
power (signal above 2 V). At low intensity, the sensitivities of the red and blue
channels are approximately equal, and twice as high as the green channel for the
chosen combination of LED and photodetector. The sensitivity of the reference
photodiode to red and blue is however clearly different. This again may be
related to the placement of the diodes in the LED housing.

http://github.com/LeonAbelmann/MagOD
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Figure A.5: Photodiode and reference diode signal versus the LED dutycycle (proportional
to effective power). Note that the signal on the photodiode decreases with increasing light
intensity, due to the particular two-stage design of the amplifier. The reference diode amplifier
is based on a conventional one-stage design. The photodiode signal is linear with the duty cycle
for the red (645 nm) and green (520 nm) LED, but not for the blue (460 nm) LED. Similarly,
the reference diode signal is linear with the duty cycle of the red and green LEDs, but not for
the blue. The fit parameters for the linear fits are shown in table A.3.

Table A.3: Linear fits to measurements of figure A.5. The blue LED has a non-linear response
and is not tabulated.

LED photodiode reference diode

Peak 𝐼max offset slope offset slope
nm mA V V/𝐼max V V/𝐼max

645 (red) 20(2) 4.19(5) −48(1) 0.554(1) 2.105(1)

520 (green) 20(2) 4.10(2) −22.7(2) 0.553(1) 1.391(1)

The linear fits to the data are listed in table A.3. The offsets are in agreement
with the manufacturers specification of the ADS115 of 4.096 V.

Absorbance validation To validate performance with respect to standard
photospectroscopy measurements, we compared the MagOD system with a
commercial optical density meter (Eppendorf BioPhotoMeter Plus). Figure A.6
shows the absorbance (𝑂D) relative to water as a function of the wavelenght
of the light for a range of dilutions of a suspension of magnetic nanoparticles
(FerroTec EMG 304). The transmission of light measured by the MagOD meter
was averaged for a range of photodiode intensities ranging from zero to saturation.
For the blue LED however, care was taken to measure only at low intensities,
where the response is linear (see figure A.5).

As expected, the absorbance increases with increasing nanoparticle concen-
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Figure A.6: Absorbance relative to water measured with the MagOD meter (closed circles
in the colored bands) for the three LEDs, compared to the OD measured by an Eppendorf
BioPhotoMeter (open squares) measured as a function of the wavelength. A range of dilutions
of a water based ferrofluid was used (FerroTec EMG 304, the dilution factor is indicated
on the right). The datapoints for every dilution are indicated by a line to guide the eye.
The difference between the MagOD meter and the commercial instrument is larger than the
estimated measurement error, but less than 0.2 for absorbances below 2. Above this value,
the estimate is unreliable (points inside dotted loop). The absorbance of the blue LED is
systematically lower than the commercial instrument. The maximum absorbance measured
was 1.82, which is slightly lower than the commercial instrument (2.14). The uncertainty on
the measurements is smaller than the symbol size, and is omitted for clarity.

tration (indicated on the right of the graphs). The absorbance increases with
decreasing wavelength, which is in agreement with the observation that the
solution has a brown appearance. Care was taken to determine the accuracy
of the measurement as accurately as possible. At this precision, it is clear that
the novel MagOD meter and the commercial instrument deviate. This deviation
is however never larger than 0.2 for absorbances below 2. Above this value,
the deviation becomes considerable (datapoints inside dotted loop), probably
because of light scattering onto the photodetector through other paths.

The blue LED seems to systematically underestimate the absorbance, which
may be related to the fact that the response of the detector is ill defined. The
maximum absorbance is comparable to the commercial instrument. We therefore
conclude that the instrument works satisfactory as a conventional absorbance
meter, especially the red and green channels.

Time response and noise level The ADS1115 AD converter has a maxi-
mum sampling rate of 860 samples/s, which means a sampling time of 1.2 ms.
Figure A.7 shows a time sequence of the sampled photodiode signal at that
rate. The red LED was switched on and modulated from 46 to 47 bits on a full
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range of 255 (relative intensity approximately 0.18) every 250 samples. The total
acquisition of 1300 samples took 4023 ms, so the effective sample-rate was only
323 samples/s. The reduction in data-rate is due to communication overhead
with the AD converter, and can be optimized.

The data in figure A.7 shows two clear levels, without any measurement
points in transition from one to the other. Therefore, we can safely conclude
that the response of the MagOD meter at the highest sample-rate is better than
3.1 ms. This is in agreement with the filter applied in the feedback loop of the
amplifier, which has a −3 dB point at 800 Hz (1.25 ms).

The ADS1115 has an internal filter that matches the bandwidth, which can
be selected from discrete values of 8, 32, 64, 128, 250, 475 and 860 samples/s.
Therefore, the noise should decrease at lower sample-rates. Figure A.8 shows
the standard deviation of 1000 samples, which is equal to the RMS noise, as a
function of the sample-rate. As expected, the noise increases with increasing
sample-rate, but much steeper than can be expected from a white noise spectrum
(noise proportional to the square root of the bandwidth). There is a strong
jump in noise above 64 samples/s. Most likely, this is caused by the presence
of a 50 Hz cross-talk signal. At 64 samples/s and below, the noise is in the
order of 1 bit or 125µV. Since the full range of the detector circuit is 3.1 V, this
corresponds to a dynamic range of 88 dB or a theoretical upper limit to the
detectable absorbance of 4.4. This compares very favourably to the commercial
Eppendorf system, which has a resolution in OD of 1 × 10−3 on full range of
approximately 2. Assuming that the noise level of the Eppendorf system is
comparable to the resolution, this would correspond to a dynamic range of only
53 dB.

At 64 samples/s the noise level is 16µV/
√

Hz. Spice simulations indicate
that the theoretical noise level of the amplifier is in the order of 0.5µV/

√
Hz, so

we have not yet reached the full potential of the electronics.

Magnetic field system

Figure A.9 shows the magnetic field in the center of the system, as a function of
the current through each of the three coil sets. The coils generate approximately
2 mT/A, with around 5 % variation between the coils. The maximum field that
can be generated is slightly higher than 5 mT at full current of approximately
2.5 A. The pulse width of the modulation of the driver circuits can be set with a
resolution of at maximum 16 bit, corresponding to a theoretical field resolution
of about 70 nT. In practise, we operate the PWM at 8 bit resolution which gives
a setpoint resolution of about 20µT.

Since we drive the coils with a PWM signal, the current through the coils
is not constant but follows the modulation frequency. At zero and maximum
current, the ripple is absent. The ripple has a maximum at 50 % duty cycle. The
filtering action of the coil system dampens the modulation. At a PWM drive
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Figure A.7: The detector photodiode voltage sampled by the AD converter at a rate of
860 samples/s, while the red LED power is modulated by 0.4 %. The effective sample-rate
was 323 samples/s. No transitions between the levels can be observed, so the time response of
the detector photodiode is better than 3.1 ms.
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Figure A.8: Standard deviation (rms noise) over 1000 samples taken by the AD converter
of the detector photodiode signal, as function of the sample-rate. The noise increases with
increasing sample-rate, but not proportional to the square root of the bandwidth (solid line).
Above 64 samples/s there is a strong increase in noise.
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frequency of 20 kHz and 50 % modulation we measured a triangular current signal
with a peak-peak amplitude of 24(2) mA on mean current of 1.2 A. Simulations
considering only the LR nature of the coils, with a corner frequency of 115 Hz,
give a theoretical amplitude of 18 mA, so there probably is some additional
capacitive coupling. The current variation corresponds to a maximum field
variation in the field of approxmately 50µT or 1.2 %.

At the maximum current of 2.5 A, the coils dissipate about 13.1 W each.
Since the coil system has no active cooling the heating of the sample area can
be considerable at prolonged measurement times. An NTC temperature sensor
mounted on the body of the measurement chamber to monitor the temperature.
Figure A.10 shows the temperature rise of the NTC mounted on the chamber. We
also measured the temperature in the chamber with a simple alcohol thermometer
for comparison. The temperature of the coils can be estimated from the increase
in coil resistance assuming the temperature coefficient of copper (0.393 %/K).

At a drive current of 0.5 A (field strength of 1 mT) the heating of the chamber
is barely noticeable (about 1 K/h). The average temperature of the coils increases
with approximately 8 K/h. At a drive current of 1.2 A, the temperature of the
coils increase by 21 K. The temperature increase of the chamber is substantial,
with an initial increase of approximately 0.25 K/min, flattening out at 7 to 8 K
after 40 min.

A.4.2 Applications
We present four experiments to illustrate the application of the MagOD meter
in the analysis of magneto-tactic bacteria. We measure (1) the scattering of
Magnetospirillum gryphiswaldense (MSR-1) as a function of their angle to the
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incident light, (2) their rotational velocity as a result of a rotation of the external
magnetic field on timescales of seconds and (3) the development of a culture over
a period of several days. In the last experiment (4), we measured the velocity
distribution of the unipolar Magnetococcus marinus (MC-1) as a function of
time.

Transmission as a function of angle (MSR-1)

With the coil system of the MagOD meter we can apply a field in any direction
in three-dimensional space. This allows us to study the transmission of light as
a function of the orientation of the bacteria and check the model presented in
section A.2.

For this, a cuvette with MSR-1 bacteria, grown according to [234], with an
OD of approximately 0.1 was inserted in the MagOD system. We measured the
intensity on the photodetector as a function of the angle of the magnetic field
with steps of approximately 5°. The magnetic field varied with angle, but was
always over 1 mT. As the optical density of the sample is continuously fluctuating
due to activity and sedimentation within the cuvette, the measurement was
repeated 20 times. The resulting curves were normalised to a range of 0 to 1
and averaged to obtain the the angle-dependent scatter factor 𝑔(𝜃) shown in
figure A.11.

The simple inverted sine model of section A.2 fits surprisingly well. The
strongest deviation is around the parallel alignment, which is understandable.
The MSR-1 are not infinitely thin rods, but spirals. Therefore, the projected area
will be less sensitive to variations in the angle around the long axis. Additionally,
the culture of MSR will have a distribution in angles (due to Brownian motion
and/or flagellar motion), which will ‘smear out’ the sharp corner at 𝜃 = 0. An
illustration of this effect for 𝑚𝐵=60 kT is shown in the red curve, which still
does not fit the measurement very well. It seems therefore likely that the actual
bacteria shape, and maybe also their distribution, should be included in the
model.

Response as function of field strength and time (MSR-1)

In our lab, we most commonly perform measurements in which the sample of
MSR-1 is subjected to a field switching between parallel and perpendicular to
the light path, with varying field strengths. Figure A.12 shows the measured
response for a set of field cycles5. At a high field value of 3 mT the field is
switched from parallel to perpendicular after 10 s. For the lower field value of
0.4 mT we can take a longer reversal times since coil heating is no issue.

5In this measuremen, the absorbance is high (transmission of light is low) when the field
is aligned along the light path. This measurement was performed with an older, single stage
photodiode amplifier, unlike the measurement in figure A.5 made with the new amplifier that
has an inverted response
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Figure A.11: The scattering of a culture of MTB is dependent on orientation of the external
magnetic field; it is highest when the field (so also the bacteria) are aligned parallel with the
light beam and lowest when the field is aligned orthogonal. By normalizing from [0, 1], we
obtain the angle-dependent scatter factor 𝑔(𝜃) that can be relatively well approximated by a
sine. The flattening of the curve around 0° can be partly explained by additional brownian
motion of the bacteria (red curve).

From the difference in detector signals, we can calculate ΔOD using equa-
tion A.4. The signal of the growth medium without bacteria (𝐼ref) was 301(1) mV,
so we can calculate 𝐶mag using equation A.3.

The difference in transmission between in-plane and perpendicular alignment
is higher at 3 mT as compared to 0.4 mT. This is in agreement with the predicted
increase of scatter factor with increasing field (Figure A.3). Figure A.13 shows
the calculated difference in scatter factor as a function of the magnetic field,
scaled to 𝑘𝑇 /𝑚. From previous analysis of MSR-1 [234] we estimated that
the mean magnetic moment 𝑚 of the magnetosome chain is 0.25 fAm2, with a
10-90 % cutoff of the distribution of 0.07 and 0.57 fAm2 respectively. We can
convert these ranges of moments to the energy ratio 𝑚𝐵/𝑘𝑇 for the two difference
field values. The ranges are indicated on the top axis of the graph by lines and
the mean values by red circles on the red line. The predicted reduction between
the average scatter factors (0.20) at the two field values is less than observed
in figure A.12 (0.5). However, considering that we have a simplified model and
our previous estimate of the magnetic moment may be different for the current
sample, the agreement with the measurement is acceptable. Next to a decrease
in step height, the time response also decreases with decreasing field. The time
constant is estimated from a fit of equation A.5 to the data using the sum of
squared errors criterion. The time constant of the transitions to 3 mT is 1.7(5) s,
which is approximately 13 times higher than the time constant of 5.4(8) s of the
transition to 0.4 mT. The ratio is on the high side, but still within measurement
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error equal to the ratio of the fields, as predicted by the model of section A.2.

Long term growth monitoring (MSR-1)

When cultivating magnetotactic bacteria such as MSR-1, it is important to
check regularly whether the bacteria remain magnetic. When growing under
laboratory conditions, random mutation may lead to a culture of magnetotactic
bacteria that has lost the ability to form magnetosomes [239]. In our lab, MSR-1
are grown in 2 mL tubes. The tubes are closed with a small air head space
to ensure a proper reduction in oxygen concentration when the culture grows.
Even though this method is simple, its major disadvantage is that we have no
information whether the magnetosome formation is as we expect. We cannot
open the tubes to take samples, because we will let oxygen in. The better option
would be to grow in bioreactors that allow for sampling without disturbing the
oxygen concentration, but these are complex and costly and provide quantities
that are overkill for lab-on-chip experiments.

The MagOD system offers a solution since we can monitor the growth of
MSR-1 bacteria and the magnetosome by keeping cultures in cuvettes inside
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0.57 fAm2 respectively. The resulting ranges in 𝑚𝐵/𝑘𝑇 are indicated on the top axis and
by red circles for the mean values of the moments, for the fields used in the experiment of
figure A.12.

the MagOD meter for long periods. During the growth period we continuously
measure the absorbance under change of the external magnetic field. In this way
we obtain information on the total number of bacteria, as well as their magnetic
response.

We prepared MSR-1 cultures as normal [234], but inserted of tubes we used
quartz cuvettes with a PTFE stopper (Hellma QS 110-10-40) to avoid any leaking
of oxygen into the cuvette. For the long term observations of figure A.14, the
magnetic field was set to loop through cycles of 100 s consisting of a vertical field
of 1.0 mT (20 s), a horizontal field of 2.9 mT (20 s) and a vertical field of 0.1 mT
(60 s).

The first transition is at a relatively strong fields, guaranteeing reliable
estimations of 𝐶mag. The second transition guarantees a relative large time
constant which is helpful for accurately estimating 𝜏.

Figure A.14 shows the measured parameters of a sample of MTB over a
period of five days. From top to bottom we plot the the optical density (OD),
relative (𝐶mag) and absolute (ΔOD) magnetic response and relative rotation
velocity (𝛾, proportional to the ratio between magnetic moment and rotational
friction coefficient).

The optical density OD is typical for a bacteria growth sequence. After a lag
phase (L), a transition into the exponential growth phase (E) occurs followed by
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the stationary phase (S) where the bacteria concentration remains more or less
constant. After three days however, the density increases unexpectedly (X).

During the exponential growth phase, the 𝐶mag decreases sharply. Since
ΔOD remains constant, we assume that the increase in concentration is entirely
due bacteria without magnetosomes. Only after two days we see a gradual
increase in magnetic signal (M) due to an increase in the fraction of bacteria
with magnetosomes. With the increase in magnetic signal, also 𝛾 increases, so
the magnetic moment of the magnetosome increases compared to the average
bacteria length. The observation over the first three days would be consistent
with the mechanism that after seeding with magnetic bacteria, growth first
proceeds by an increase in non-magnetic bacteria. When that growth stops, the
bacteria start to form magnetosomes. This mechanism is in contradiction with
electron microscope observations by Stanisland and Yang that magnetosome
crystals are equally divided over both parts of the divided cell [240, 241], and
will require further experiments.

After approximately 3.3 days a sharp transition occurs (X). As the density of
the culture increases again, the magnetic response decreases but the 𝛾 keeps on
increasing. This is a feature we often observe in these measurements. Additionally,
we sometimes observe a cloudiness in the suspension, which may be caused by
aerotaxis or contamination. Since we do not shake the suspensions before
measuring like in a standard optical density meter, these clouds may float in
front of the detector and complicate the analysis. It may be possible that rather
than rotating individual bacteria, we rotate the entire cloud.

Marathon test: MC-1 velocity measurement

In contrast to MSR-1 bacteria, that reverse frequently, magnetotactic bacteria
of type MC-1 tend to swim for long periods into the same direction [225]. This
allows us to collect a large number of bacteria at the bottom of a cuvette, simply
by applying a vertical field. After reversing the direction of the field, all bacteria
swim upward in a band-shaped cloud. In the MagOD, the passing of this cloud
translates to a drop in the photodetector signal. The time between reversal of
the field and the response on the photodetector is a measure for the velocity of
the bacteria. We nickname this method the ‘marathon’ test.

To obtain sufficient bacteria for this experiment, we cultivated MC-1 bacteria
in a high viscosity agarose based medium in an oxygen gradient, as described
by Bazylinski [242], but using low melt agarose instead of bacto agar. The
bacteria form a band in the reaction tube, a few mm below the surface of the
medium [243]. The easiest way to free the MC-1 from the medium is to pipette
a small amount from the band and insert this into a cuvette filled with a low
viscosity growth medium from which the agarose has been omitted. The transfer
of some agarose cannot be avoided, especially if large quantities of bacteria are
desired.
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Alternatively, one can place a droplet of agarose with bacteria on a side, and
position a droplet of growth medium with agarose next to it so that they merge.
The MC-1 can than be directed out of the agarose to the clean droplet with a
magnet and collected. This method suffers from a limited amount of bacteria
that can be collected and introduction of oxygen is difficult to avoid.

The method we prefer is to pass the mixture of bacteria and agarose through
a Pasteur pipette filled with a small plug of cotton. Our assumption is that the
cotton breaks up the agarose matrix and perhaps even captures it. By using
compressed nitrogen to drive the growth medium with bacteria through the
plug, exposure to oxygen can be avoided. To further reduce oxygen exposure, we
performed this procedure under nitrogen atmosphere. For this, we simply use a
glas beaker with a parafin cover through which the Pasteur pipette is inserted
into the cuvette.

Since the MagOD is equipped with a 3D magnetic coil configuration, applica-
tion of a vertical field, along the cuvette, is simple. A field of 1 mT is applied in
the positive 𝑧-direction for 220 s to collect south seeking bacteria at the bottom
of the cuvette. Than the field is reversed so that the collected bacteria swim
upwards towards the photodetector. We let the bacteria swim upward for 200 s
and than sequence is repeated again. The asymmetry in time ensures that an
sufficient amount of bacteria can assemble at the bottom of the cuvette again.
The cloud of bacteria that leaves the bottom of the cuvette disperses due to a
distribution of bacteria velocities. To keep the peak sharp and intensity variation
high, we reduce the distance between the bottom of the cuvette and the light
path to 2.5 mm by using a special insert.

Figure A.15 shows the output of the photodetector as a function of time
since the magnetic field reversal. A series of eight experiments are shown. For
each experiment, after approximately 30 s the cloud reaches the light path, with
a maximum density at about 90 s6. As time progresses, the curves show a
similar shape, but at lower amplitude. Apparently, less and less bacteria are
collecting at the bottom of the cuvette. The decrease in amplitude, shown
in figure A.16, fits very well to an exponential decay (exp(−𝑡/𝜏)) with a time
constant of approximately half an hour. This suggests that we loose a fixed
fraction of bacteria per iteration. The reason for the loss is unclear to us, and
would require further investigation.

The arrival time 𝑡 (s) of MC-1 at the detector fits well to a log-normal
distribution (shown as red curves in figure A.15),

𝑓t(𝑡) = 1
𝑡𝜎

√
2𝜋

exp (− (ln(𝑡) − 𝜇)2

2𝜎2 ) (1/s), (A.6)

where 𝜇 (with unit ln(𝑠)) and 𝜎 (unitless) are the mean and standard deviation
6These experiments are performed with the novel amplifier. Lower intensity results in a

higher detector voltage, see figure A.5.
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of the natural logarithm of 𝑡. From the distance of the bottom of the cuvette to
the light beam 𝑎 (2.5 mm) we can calculate the distribution of the velocities 𝑣
(m/s),

𝑓v(𝑣) = 1
𝑣𝜎

√
2𝜋

exp (
− (ln( 𝑎

𝑣 ) − 𝜇)2

2𝜎2 ) (s/m). (A.7)

The most likely velocity, or mode of this distribution, is7

𝑣m = 𝑎 exp (−(𝜇 + 𝜎2)) (m/s). (A.8)

The resulting velocity distributions are shown in figure A.15 in the bottom
graph. The curves are offset vertically for clarity, the top curve is the first
measurement. The figure shows clearly that the velocity distribution of the
bacteria does not change significantly with time. Since the experiment duration
was limited to 200 s, the minimum velocity that can be determined is 12.5µm/s.
The most likely velocity is on the order of 20µm/s, the fastest bacteria swim
approximately 80µm/s.

Figure A.15 is a typical example; we have measured faster as well a slower
average velocities. The measured velocity is however considerably lower than
that observed by Lefèvre and colleagues by high speed microscopy [219]. From
experiments in microfluidic chips, we noted that the velocity distribution is
strongly dependent on the duration the MC-1 have been growing in the semi-
solid medium, temperature (both too high and too low reduce velocity) and
oxygen concentation. Further experiments are required to determine the relation
between the velocity and these environmental conditions.

A.5 Discussion
The MagOD magnetic absorbance instrument has proven to be a versatile system
that can be successfully applied in the research on magnetotactic bacteria. All
designs and source codes are made available, so that the system can be easily
replicated, modified and improved. The data presented in this paper may serve
as benchmark for future systems. We hope our efforts will inspire colleagues to
improve and apply the MagOD in their research. In the following we address
possible improvements and suggestions for further research.

A.5.1 Possible improvements
There are a few issues that will need attention in future iterations of the system,
on the level of the measurement head, measurement board and software.

7Note that the most likely arrival time is exp(𝜇 − 𝜎2), so one cannot simply divide the
distance travelled by the most likely arrival time to obtain the most likely velocity.
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Measurement head

The response of the photodiode to the blue LED is non-linear (Figure A.5),
for which we do not have a good explanation. Furthermore, the fact that the
signal is inversely proportional to the light intensity is counter-intuitive. It
may be possible to redesign the amplifier while still maintaining the required
footprint. The noise floor in the current design is still a factor of 30 above
the theoretical limit, and there are signs that 50 Hz cross-talk is deteriorating
the signal (Figure A.8). One may consider moving the AD converter from
the measurement board to the measurement head, so that the signal is better
protected from interference. To compensate for drift, automatic offset correction
can be applied by modulating the LED intensity periodically.

One may consider moving the drivers for the LEDs to the measurement head,
so that the high frequency PWM signal does not have to be transported over
the HDMI signal cable and we free up ports on the ESP32. For this, RGB led
drivers that communicate over I2C are readily available. Care should be taken
that the I2C clock signal does not interfere with the detection electronics.

In case suspensions with higher densities need to be observed, one may
consider solid state lasers that offer at least 100 times higher light intensity.

In contrast to commercial absorbance meters, the MagOD system does not
have a piezo actuator to disperse the suspension before measurement. One
may consider integrating such a piezo actuator. Alternatively, one may make
use of the existing coils and attempt a voice coil actuation principle using a
soft magnetic element, additional small coil or even a small permanent magnet
mounted in such a way that it does not interfere with the field.

Measurement board

In future designs of the measurement board, a number of improvements can
be made as well. Even though the AD converter is capable of data acquisition
at 860 samples/s, we only reach 323 samples/s in practise. We assume this
discrepancy is caused by communication overhead that can be optimized.

The current implementation of the current measurement circuits only allows
for positive currents. The modification to allow for bi-directional currents is
straightforward, for instance by applying an ina266 integrated current monitor.

Finally, the small form factor of micro-SD cards poses a problem in biolab
environments since they are easily lost. Removal of the SD card can be avoided
if WiFi access is available, but a USB stick may be a better option.

Software

We expect most development in the software for the MagOD system. Next
to improvements in the user interface, currently, the main restriction is that
measurement recipes are based on feedforward instructions only (iterations of
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‘for this amount of time, set the field and LED color’). There is no capability to
react on changes in the detected signal. For instance, it would be very useful
if the LED intensity could automatically be adjusted to the absorbance of the
suspension under investigation. In marathon experiments, it would be convenient
if the field reversal takes place at a fixed delay after occurence of the peak. The
current recipe language definition is not capable of handling this type of feedback.
We suspect a complete redesign of the software is required, taking full advantage
of the EPS32 capabilities. This would be a very interesting task for an (software)
engineering student.

A.5.2 Possible future applications
The four experiments we presented are just some of the possiblities that the
novel MagOD systems offers. Without additional modification, we can imagine
more experiments, which we report here to inspire future work.

Flagelar motion

Since the MagOD system has precise field control, it allows for a simple study of
the relation between field strength and 𝐶mag. It would be interesting to check if
the swimming activity of the bacteria themselves contributes to their random
motion, which effectively would increase 𝑘𝑇 and could explain the observed
difference. For instance, it would be sufficient to measure 𝐶mag as a function
of field before and after killing the MSR-1 (by for example intense UV-light or
formaldehyde).

Multi-color OD

So far we have measured the transmission through MSR-1 cultures only under
green light. We notice however that the colour of cultures changes as time
passed by. We speculate that these colour changes may be caused by an increase
in bacteria size and/or formation of magnetosomes. For long term analysis as
in figure A.14, it may therefore be usefull to measure at different wavelengths.
In the MagOD system, this can easily achieved by measuring iteratively with
the red, green and blue LED. Multiple wavelengths may be combined with the
addition of an indicator agent that changes its absorbance spectrum based on
changes in conditions.

An example of such an indicator is Resazurin, which reacts to an increase in
oxygen concentration with a shift in the absorbance spectrum toward the red.
The ratio between the absorbance in the red and green channels could therefore
be a measure for the oxygen concentration in the culture, using the blue channel
for calibration.
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Modulated light intensity

The intensity of the LEDs can be varied rapidly, as is illustated in figure A.7. One
can use this modulation for differential measurements to correct for intereference
signals due to changes in environmental light or cross-talk on the analog signal
wiring.

Modulation of the light intensity would also provide information on the
photosensitivity of the bacteria. One could for instance measure the 𝐶mag in the
red channel before and after a pulse with intense blue light.

Combined marathon and 𝐶mag

We demonstrated 𝐶mag measurements on MSR-1 bacteria and marathon tests
on MC-1 bacteria. It is straightforward to combine the marathon test with 𝐶mag
measurements. The vertical field (𝑧-direction) should than be switched between
zero and for instance a postive value, whereas the field along the light path (𝑥-
direction) should be switch between zero and alternatively positive and negative
values (So (𝑥, 𝑧)= (0,1), (1,0), (0,1), (-1,0), etc). Such an experiment may reveal
if the distribution in velocity is related to a distribution in magnetosome strength
as well.

Sedimentation

We often observe an initial increase of light transmission after loading a sample
with bacteria. We therefore usually wait until the signal settles. However, there
may be information we can extract. We suspect the increase in transmission is
caused by sedimentation of debris, such as dead bacteria. If the dead bacteria
have magnetosomes, they will still rotate in the magnetic field. So a measurement
of 𝐶mag during sedimentation may provide additonal information on the status
of the culture.

Moreover, it is very simple to drive only one coil of the vertical coil set. In
this way one can generate field gradients that would pull magnetic debris either
up or down, thus decelerating or accelerating the sedimentation.

Suspensions of magnetic nanoparticles

We often try the MagOD system with suspension of magnetic micro- and nanopar-
ticles. This works particularly well for magnetic needles [244] or magnetic
discs [245]. In principle, spherical particles should not show a change in trans-
mission under rotation of an external field. Magnetic particles however have
a tendency to form chains that align with the field (see for instance the work
by Yang Gao [246]). Angle and field dependent transmission measurements in
the MagOD could therefore provide information on the dynamic interaction
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between particles. Perhaps one can extend of the use of the MagOD beyond the
magnetotactic research community.

A.6 Conclusion

We constructed a magnetic spectrophotometer (magnetic optical density meter, or
MagOD), which analyses the amount of light transmitted through a suspension
of a magnetotactic bacteria in a transparent cuvette under application of a
magnetic field.

Light transmission measurements with the novel MagOD system were com-
pared with a commercial instrument (Eppendorf BioPhotoMeter), using of a
dilution series of a magnetic nanoparticle suspension. The deviation between the
new OD meter and the commercial instrument is below 0.2 in terms of relative
absorbance for wavelengths ranging from 460 to 645 nm. The blue channel
however suffers from non-linearity and should only be used at low intensity.
The dynamic range (from noise level to maximum signal) of the new system
is 88 dB (OD of 4.4), where the commercial system reaches 53 dB (OD of 2.6).
The MagOD system is considerably faster, with a sample rate of 323 samples/s.
The commercial instrument has a sampling time in excess of 1 s.

The magnetic field can be applied in three directions, with a setpoint resolu-
tion of 70 nT and a ripple of less than 50µT. The maximum field is 5.1(1) mT,
but limited in duration due to coil heating. When a field of 1.0 mT is continu-
ously applied, the temperature increase of cuvette is approximately 1 K/h and
limited to 2.1(3) K.

The MagOD system was used to characterize various aspects of MSR-1 and
MC-1 magnetotactic bacteria.

By means of the magnetic field, MSR-1 were oriented at different angles with
respect to the light path. The transmission is high when bacteria are aligned along
the light beam and reduces when the bacteria are aligned perpendicular to the
light path. The relation between angle and optical density can be approximated
relatively well by a sine.

From the difference in transmission, we can derive a measure for the amount
of magnetic bacteria. This fraction is commonly expressed as a ratio (𝐶mag),
which is a parameter that increases with the relative fraction of magnetic
bacteria compared to the total number of bacteria. It can also be expressed as
a difference (ΔOD), which is a measure for the absolute amount of magnetic
bacteria . Both parameters increase with applied field strength in a way that is
within measurement error in agreement with a simple model based on Brownian
motion.

We used the MagOD system to continuously monitor the development of a
culture of MSR-1 magnetotactic bacteria over 5 days. We recorded the optical
density (𝑂D), change in light transmission under rotation of the magnetic field
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(𝐶mag and ΔOD) and the rotation velocity of the bacteria (𝛾). We could clearly
distinguish separate growth phases (lag, exponential growth, stationary). The
increase in magnetic response (𝐶mag and ΔOD) takes place during the stationary
phase.

Unipolar bacteria, such as MC-1, can be collected at the bottom of the
cuvette with a vertical magnetic field. Upon reversal of the field the entire group
departs from the bottom and will arrive at the light beam, causing a dip in
the transmitted light. This ‘marathon’ test allows us to measure the velocity
distribution.

The arrival times can be accurately described by a lognormal distribution,
with a mode (most occurring velocity) of 20µm/s. The maximum velocity
observed is in the order of 80µm/s. The amount of bacteria participating in the
marathon test decreases exponentially with each test with a time constant of
approximately half an hour.

The dedicated magnetic optical density meter presented here is relatively
simple and inexpensive, yet the data that can be extracted from magnetotactic
bacteria cultures is rich in detail. All information for the construction of the
device, including 3D print designs, printed circuit board layouts and code for
the microprocessor has been made available online. The authors trust that the
magnetotactic bacteria community will benefit from our work, and that the
MagOD instrument will become a valuable tool for research on magnetotactic
bacteria.

A.7 𝐶∗
mag and 𝐶mag approximations

The effect of a rotation of the magnetic field is usually small. It therefore is useful
to express the variation with respect to the average intensity or absorbance8

𝐼s = 𝐼(0) + 𝐼(90)
2

, (A.9)

𝐴 = log(𝐼ref/𝐼s). (A.10)

by a small deviation 𝛼

𝐴(0) = (1 + 𝛼)𝐴 (A.11)
𝐴(90) = (1 − 𝛼)𝐴 (A.12)

so that

ΔA = 2𝛼𝐴 (A.13)
8𝐴=𝑂D
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and

𝐶mag = (1 + 𝛼)
(1 − 𝛼)

≈ 1 + 2𝛼 = 1 + ΔA
𝐴

. (A.14)

The approximation is better than 5 % in terms of 𝐶mag − 1 for 𝐶mag < 1.1.
Similarly, we can define for the estimate of 𝐶∗

mag

Δ𝐼 = 2𝛽𝐼s, (A.15)

so that

𝐶∗
mag ≈ 1 + 𝐼s

𝐼ref − 𝐼s
2𝛽 = 1 + Δ𝐼

𝐼ref − 𝐼s
(A.16)

Both definitions of 𝐶mag can be related by realizing that

𝐼(0)
𝐼ref

= ( 𝐼s
𝐼ref

)
1+𝛼

≈ 𝐼s
𝐼ref

(1 + 𝛼 ln(𝐼s/𝐼ref)) (A.17)

and similarly for 𝐼(90) with −𝛼, so that

Δ𝐼 = −2𝛼𝐼s ln(𝐼s/𝐼ref) (A.18)

So in the approximation for 𝐶mag close to unity, the relation between both
definitions is

𝐶mag − 1
𝐶∗

mag − 1
≈ ΔA

𝐴
𝐼ref − 𝐼s

Δ𝐼
= (A.19)

𝐼ref − 𝐼s
𝐼s ln(𝐼ref/𝐼s)

= (𝐼ref − 𝐼𝑠) log(𝑒)
𝐼s𝐴

. (A.20)

The definitions converge for 𝐼s → 𝐼ref, so for samples with very low optical
density.

A.8 Cotangens approximation

For fitting purposes, the rather complicated cotangens expression of equation A.5
can be approximated by a much simpler exponential function. The fit was
performed in gnuplot, resulting in a fit parameter 0.85(1). The error is less than
0.065 rad, as shown in figure A.17.
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Figure A.17: Approximation by an exponential function of the exact solution to the differential
equation for the rotation of the bacterium as a function of time (equation A.5). The optimal
fit is for a prefactor 0.85(1), in which case the error is smaller than 0.065 rad.

A.9 Measurements
Figure A.18 shows the projection on a white paper sheet of the light exiting
from the measurement head (with the photodetector circuit board removed).
The pictures are snapshots of a video taken with an iPhone camera for a range
in LED duty cycles (measurement of figure A.19). The full video is available in
the Supplementary Material (MagODLEDprojection.mov). The opening behind
the cuvette is a square hole of 3 mm × 3 mm, which is clearly visible. The
photodetector itself has an area of 2.7 mm × 2.7 mm, so is collecting the inner
fraction of this pattern. For the green and blue led, some echo images can be
observed. The three patterns do not align, which is most likely caused by the
fact that the three LED in the WP154 housing are not centered to the axis of
the front lens. From the distance between the projected image and the LED
(approximately 15 cm) and the maximum shift of about 5 mm we estimate that
the misalignment is in the order of 2°. Since the photodetector is mounted
directly behind the opening behind the cuvette, this misalignment is of no
consequence.

Figure A.19 shows the intensity on the photodetector as a function of the duty
cycle of each of the three LEDs, for a cuvette filled with water and three different
dilutions of a EMG304 magnetic nanoparticle suspension. From the difference
in slopes the absorbance relative to the water filled cuvette is determined. This
measurement is used for the MagOD datapoints in figure A.6. The blue LED
suffers from artefacts. The slope is not constant, but reduce at high intensity.
Furthermore, there is a small step at an intensity of about 0.6. For the estimate
of absorbance of the blue LED, only the linear region at low intensity was used.
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Figure A.18: Projection of the light pattern of the three different LEDs. The 3 mm × 3 mm
opening at the back of the cuvette can clearly be seen. The green and blue led show some
reflection, and the patterns are not aligned. The estimated misalignment is in the order of
2°. Since the photodetector has a sensitive area of 2.7 mm × 2.7 mm and is directly mounted
behind the opening in the holder, we do not expect any adverse effects from the reflections of
misalignment. A full video of the pattern shape as function of the intensity is available in the
supplementary material (Supplementary Material ).
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