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Abstract—Combining EEG (electroencephalography) and
fMRI (functional Magnetic Resonance Imaging) in motor control
research requires a haptic manipulator capable of operating
safely in both environments. Conventional electromagnetic ac-
tuators are incompatible with MRI, requiring motion and force
to be transmitted mechanically from outside the scanner room
into the bore. Transmission length, friction, and backlash are the
primary performance bottlenecks in such systems.

A hybrid torsion-pushrod architecture was selected through
systematic elimination of cable-driven, pneumatic, and hydraulic
transmission families. Pneumatic and hydraulic systems in-
troduce compliance-driven nonlinearities that limit bandwidth
and force fidelity. C able-driven M R-Conditional transmissions
achieve control bandwidths of only 10 Hz, falling short of the
20 Hz requirement. Rigid linkage systems remained as the only
viable path, and a hybrid torsion-pushrod concept was developed
that navigates direction changes via crank-and-pushrod stages
while covering straight segments with torsion rods. The resulting
proof-of-concept prototype, the MaRCHMan (Magnetic Reso-
nance Conditional Haptic Manipulator), transmits motion over
a total length of 9 m with no actuators or electronics inside the
scanner room.

Two configurations r epresenting g eometric e xtremes were
validated: a square layout incorporating ten 90° bends, and a
straight-line layout without corner joints. Most proof-of-concept
requirements were satisfied b y b oth c onfigurations, in cluding a
control bandwidth exceeding 20 Hz, torque transmission of at
least 1.2 N m, and a range of motion of [—42° 42°]. The square
configuration a chieved a r esonance f requency o f15.0 H z and
a —3dB bandwidth of 24.1 Hz; the straight-line configuration
achieved a resonance frequency of 27.5 Hz with an extrapolated
bandwidth of 46.9 Hz. The square configuration is substantially
less stiff than the straight-line configuration (ks = 14.5 Nm/rad
versus kg = 48.5 N m/rad). A series compliance model identified
the 3D-printed bearing housings as the dominant compliance
source. Pushrod axial stiffness is approximately three orders of
magnitude higher than bearing housing compliance and does
not contribute to the bottleneck. Including out-of-plane bearing
housing deflection a ta ne stimated m isalignment f raction of
a = 0.3 reduces the model prediction from 38.1Nm/rad to
19 N'm/rad, approaching the measured value. Replacing the 3D-
printed housings with stiffer alternatives is predicted to raise
the Square Configuration r esonance f requency from 15.0 H z to
approximately 31 Hz, exceeding the 20 Hz target. The current
prototype uses steel fasteners and bearings; MR-Conditional
material substitution and in-bore validation are identified as the
primary next steps toward a clinically deployable system.

Index Terms—MR-Conditional, haptic manipulation, torsion-
rod transmission, transmission design, system identification, fre-
quency response, mechanical design, robotics
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Fig. 1: Schematic representation of the human motor control
loop. A desired limb position (setpoint) is generated in the
brain. The position is compared with the actual position of
the limb. Next, the central nervous system (CNS) sends a
neural signal to the muscles. The muscles generate forces

that move the limb, while external forces act as disturbances.

Sensory signals are fed back to the brain with a small
delay(7) due to physical transmission and neural processing
time [6].

I. INTRODUCTION

UMAN motion control results from the interaction be-

tween the nervous and musculoskeletal systems, and is
often described as a closed-loop control process which inte-
grates sensory feedback, plans motor commands and executes
movement [1} 2]. Understanding motion control is fundamen-
tal for neuroscience and is essential for the diagnosis and
treatment of neurological disorders such as stroke, Parkinson’s
disease and multiple sclerosis, which together account for a
major share of neurological disease worldwide [3].

System identification techniques are used to characterize the
dynamics of human motion control, by comparing the system’s
output to varying inputs [4]. Such analysis allows estimation of
how the central nervous system transforms sensory input into
motor output. An example of the approach can be illustrated
by a task in which a participant moves their hand between
targets while cortical activity is being measured with EEG.
If the task is repeated while the hand is perturbed by some
manipulator, the evoked cortical activity will give information
about the motor cortex [5]]. Figure [I] illustrates how sensory
feedback enables accurate movement.

Several studies investigated brain activity through EEG
measurements, such as the study by [Vlaar et al., who demon-
strated that combining EEG and robotic manipulation allowed
for quantitative assessment of evoked cortical activity using a
haptic manipulator. A haptic manipulator is a robotic system
designed to interact with its user through force feedback,
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allowing the user to have physical interaction with the robotic
system [[7, [8]. demonstrated the potential of the
haptic manipulation approach for clinical application by apply-
ing controlled wrist perturbations during fMRI to separately
identify motor and sensory contributions to tremor in essential

tremor and Parkinson’s disease patients [9].
used a haptic manipulator developed by [Bode et al.| during a

thesis project at TU Delft. Another study by used
fMRI with an MR-Conditional torque measuring device and

showed that safe measurements in the MR scanner room are
feasible [T1]. Ahmad et al. [12] argued that simultaneous EEG-
fMRI can provide a more complete understanding of brain
function and dysfunction. Although the complementary nature
of EEG (high temporal resolution) and fMRI (high spatial res-
olution) is appealing, simultaneous recordings are challenging
due to electromagnetic interference (EMI) introducing noise
on the MR image [13].

If simultaneous measurement is not possible, sequential
measurement must be explored. Using the same haptic ma-
nipulator for both EEG and fMRI sessions ensures that task
conditions remain identical, so any differences in brain activity
can be attributed to the measurement modality rather than
changes in the experimental setup. A dedicated device is
therefore needed that can operate safely in both environ-
ments. Devices intended for use in MR environments must
meet criteria defined by the American Society for Testing
and Materials (ASTM) to be rated either MR-Safe or MR-
Conditional [14} [T5]. An MR-Safe device poses no known
hazards in any MR environment, whereas an MR-Conditional
device is safe to use only under specific conditions, including
conditions for the static magnetic field, the time-varying gradi-
ent magnetic fields, and the radiofrequency fields. For a haptic
manipulator in fMRI, MR-Conditional is the practical target
rating, as the mechanical and force-feedback requirements of
the device make a fully non-metallic, MR-Safe design difficult
to achieve without compromising performance. The dedicated
device for sequential measurements must therefore be an MR-
Conditional Haptic Manipulator (MRCHM).

Since conventional electromagnetic (EM) actuators are in-
compatible with the MR environment due to electromagnetic
interference and heating, actuators must be placed outside
the bore, ideally in the adjacent control room. The bore
is the cylindrical opening of the MRI scanner where the
patient is positioned during imaging. Transmitting motion and
force from the actuator into the bore requires a transmission
system, and backlash, friction, and compliance inherent to
any transmission will degrade haptic performance at the end-
effector. The transmission is therefore a critical performance
bottleneck in any remotely actuated MRCHM.

An alternative approach places (non electromagnetic) ac-
tuators directly inside the bore using non-magnetic actuator
types such as piezoelectric, ultrasonic, or shape memory alloy
(SMA) actuators [T6H18]]. The limited space inside the bore
restricts actuator size and therefore torque output [16} [17],
and the low control bandwidth of these actuator types makes
them unsuitable for haptic manipulation. Furthermore, because
direct-drive actuators are partly constructed from conductive
materials, they introduce imaging artifacts and are suscep-

MASTER THESIS THOMAS VALK, JUNE 2026

MR-Conditional
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Ultrasonic [17] Hydraulic [20, 23]

Rigid Linkage [21]

Fig. 2: An overview of current MR-Conditional actuation
approaches found in literature, with examples per actuation
method.

tible to heating from eddy currents [18]. In-bore actuation
is therefore not a viable path for MRCHM development,
and any suitable design must rely on a transmission system.
Transmission design is consequently the central engineering
challenge in developing an MRCHM.

To understand the influence of transmission design on
MRCHM performance, four main transmission categories
were identified and compared: cable-driven [I9], pneu-
matic [20]], hydraulic [21]], and rigid linkage systems [22]. An
overview of MR-Conditional actuation approaches is shown
in Figure 2] Each category presents trade-offs across control
bandwidth, force fidelity, and signal-to-noise ratio (SNR) loss
in MR imaging. What specific category performs best in
the trade-off context is discussed in Section [l Across all
categories, transmission length emerged as the dominant factor
governing control bandwidth loss, and increasing the distance
between the actuator and the bore proved more effective
than electromagnetic shielding [10), [23]]. The transmission
is therefore the fundamental performance bottleneck of any
remotely actuated MRCHM, and without a well-characterized
transmission the haptic performance of the complete system
cannot be predicted or controlled.

The goal of this work is to address the transmission bottle-
neck by designing, building, and validating a proof-of-concept
transmission for an MRCHM. The research question guiding
this work is:

How can a transmission system for an MR-
Conditional haptic manipulator be developed to meet
predefined mechanical and MR-Conditionality re-
quirements, and validated through experimental test-
ing?

Two objectives follow from the research question. Objec-
tive A is to develop a proof-of-concept prototype. Objective B
is to experimentally validate the prototype against stated proof-
of-concept requirements and to identify the steps required
to realize a fully MR-Conditional system. This project is a

continuation of the thesis by [Bode et al., who developed a
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hydraulic MRCHM. The device was used in a clinical setting
by |Sharifi et al., but low control bandwidth and leakage made
the device hard to use, identifying the need for a better
alternative. Nevertheless, requirements developed by |Bode
et al.| can be reused.

The remainder of this paper is structured as follows. Sec-
tion describes the requirements, concept selection, and
analytical methods for estimating transmission stiffness and re-
flected mass. Section [[T]] presents the preliminary calculations
and describes the prototype in both configurations. Section
describes the experimental validation methods, covering the
test setup and excitation signal design. Section [V] presents the
validation results, including stiffness measurements, frequency
response characterization, and an analytical compliance break-
down identifying the dominant compliance sources for both
configurations. Section interprets the results against the
stated requirements, explains the discrepancy between pre-
dicted and measured stiffness, and outlines the steps required
to realize a fully MR-Conditional transmission. Section
states the conclusions. The design and iteration process leading
to the prototype, and the data for the compliance and mass
models is documented in Appendix A. The excitation signal
documentation is provided in Appendix B.

II. METHODOLOGY A
A. Methods Part I: Requirements and Prototype Development

Building a fully MR-Conditional prototype introduces prac-
tical constraints that would significantly slow development.
Commonly available components such as steel bolts and
standard bearings are not MR-Conditional and would therefore
need to be replaced with expensive MR-Conditional alter-
natives like ceramic bearings and nylon bolts. Investing in
expensive MR-Conditional materials before the mechanical
concept is validated would be costly. The project therefore
distinguishes between two requirement categories: concept re-
quirements and proof-of-concept (PoC) requirements. Concept
requirements define what the final MR-Conditional transmis-
sion must achieve. PoC requirements define what the current
prototype must demonstrate to validate the underlying mechan-
ical principle. The prototype is designed such that it can be
transformed into a fully MR-Conditional transmission by sub-
stituting ferromagnetic and conductive components with MR-
Conditional equivalents without changing the fundamental
architecture. How the performance is expected to change when
MR-Conditional components are implemented is discussed in
Section [V1l

The concept requirements, partially adopted from the earlier
TU Delft MRCHM thesis by Bode et al.| [10]], are:

o The transmission must be constructed entirely from MR-
Conditional materials.

o The system must not pose hazard risks in an MR envi-
ronment, must not cause imaging artifacts, and must not
degrade fMRI image quality.

o The transmission must be modular; adjacent transmission
units must be connectable within two minutes each.

o The transmission must not obstruct patient access or
scanner operation.

The proof-of-concept requirements are:

o The transmission must offer at least one degree of free-
dom, sufficient for wrist perturbation experiments.

o The system must be capable of transmitting a torque of at
least 1.2 N m, sufficient to overcome wrist joint resistance
during perturbation tasks [[10} 27].

o The control bandwidth at the output must be at least
20 Hz. The eigenfrequency of a contracted human wrist is
approximately 15 Hz [28]], and all relevant arm dynamics
are excited below 20 Hz [29]. A bandwidth of at least
20Hz is therefore required to cover the full frequency
range of interest [10, 30].

o The transmission must allow a range of motion of at least
40° from neutral. A range of [—40°,40°] is sufficient to
allow functional flexion and extension movement of the
wrist joint, and excluding abduction-adduction simplifies
the design without limiting the motion of interest [ 10} 28
30].

o The transmission must function independently of any
specific MRI scanner or facility.

« Joints must allow for 90° bends.

« Joints must have zero backlash.

« Static friction in the joints must be less than 0.0225 N m
per joint, equivalent to 0.3 N at the 75 mm crank radius.
No standardized threshold was identified in the litera-
ture; lower static friction is always preferable for haptic
transparency, and 0.3 N was adopted as a practical upper
bound based on the force range of the target application.

B. Concept Selection

Transmission categories were evaluated against four per-
formance criteria: control bandwidth, force fidelity, MR-
Conditionality, and friction and backlash. An overview of the
transmission category trade-offs is given in Table[l] Pneumatic
systems suffer from compressibility, which introduces com-
pliance and limits control bandwidth [20]. Hydraulic systems
suffer from nonlinearities due to cavitation and compliance
in tubing [10]]. Pneumatic and hydraulic transmissions were
therefore eliminated early in concept development.

Cable transmissions were eliminated on three grounds. First,
cables are inherently compliant and require continuous preten-
sioning, which increases system friction and makes long-term
reproducibility difficult to maintain [23| 24]. Second, Bowden
cable configurations exhibit nonlinear friction between cable
and sheath [25]], which is difficult to characterize and would
compromise force fidelity in a haptic setting. Third, cable-
driven MR-Conditional transmissions reported in the literature
achieve control bandwidths of only 10 Hz [[19} 23], which falls
short of the 20 Hz requirement.

Rigid linkage systems remained as the only viable family. A
pure pushrod transmission offers high stiffness and predictable
kinematics, but navigating the 90° bends required between
the control room and the scanner bore requires a rocker arm
at each bend to redirect the push-pull force, as shown in
Figure [3] Each rocker arm introduces an additional joint, and
every joint adds friction and backlash. A minimal installation
already requires four direction changes, shown in Figure [4]
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Fig. 3: Left: A pure pushrod system requires a rocker arm
(orange) at each 90° bend, increasing joint count and bulk.
Right: A torsion rod (red) transmits torque along the rod axis
(y) and requires only a single crank-pushrod stage per bend.

In a more complex room geometry the bend count increases
further, and the cumulative joint count, backlash, and bulk
become difficult to manage over a total transmission path of
approximately 9m [10]. The Square Configuration tested in
this work, with ten 90° bends, therefore represents an upper
bound on installation complexity.

Torsion rods reduce joint count by transmitting torque tor-
sionally along the rod axis, so that a direction change requires
only a single compact crank-and-pushrod stage rather than a
dedicated rocker arm. A crank-and-pushrod stage is required
as a purely torsional transmission is not feasible in practice:
connecting two torsion rods at an angle requires a coupling
that transmits torque across a change in axis direction. The
standard solutions are universal joints and bevel gears, but both
require clearance to function and therefore introduce backlash,
which is incompatible with the zero-backlash requirement. No
backlash-free torsion-to-torsion coupling was identified in the
literature or among commercially available components.

A hybrid torsion-pushrod concept resolves the coupling
problem. Pushrods transmit force linearly and connect to a
rotating crank via a spherical rod end bearing, which has
minimal backlash when properly assembled. Direction changes
at each bend are handled by a crank-pushrod stage, eliminating
the need for universal joints or bevel gears entirely. The torsion
rods cover the long straight segments where their compactness
is most beneficial, particularly inside the bore where space is
limited. The pushrods handle direction changes. An example
of the MRI installation geometry is shown schematically in
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Fig. 4: Schematic of the selected torsion-pushrod concept.
The actuator is located outside the MRI room and the
end-effector interfaces with the patient at the MRI bed. The
torsion rod (red) enters the scanner room through the wall,
parallel to the bore axis (segment 1). The bore axis itself is
not shown. A pushrod redirects motion laterally to the bed
position (segment 2). A second pushrod rises vertically to
bed height (segment 3). A final torsion rod extends into the
bore to the patient interface (segment 4)

Figure 4]

1) Torsion Rod Performance Estimate: Before committing
to the hybrid concept, calculations were performed to confirm
that torsion rods of practical dimensions are sufficiently stiff
to meet the 20 Hz bandwidth requirement over the required
transmission length.

In a torsional transmission, the shear modulus G governs
torsional stiffness, whereas in a pure pushrod configuration
the elastic modulus E governs axial stiffness. For an isotropic
material, G = E/2(1 + v), so for aluminum with v ~ 0.33,
G =~ 0.376 E. The following calculations use aluminum as
the example material. The method applies to any isotropic
candidate material.

To contextualize the hybrid concept, the resonance fre-
quency was estimated for three limiting cases: a pure pushrod
transmission, a pure torsion-rod transmission, and the hybrid
alternating configuration, all over a total length of 9m. The
axial stiffness of a pushrod is

TABLE I: Comparison of MR-Conditional transmission families across key performance criteria.

Family Bandwidth Force fidelity MR-Cond. Friction/backlash Sources
Cable-driven  + + ++ — [19, 23H25]]
Pneumatic —— —— ++ — [20} 126]
Hydraulic —— + + —— [0, 21]
Rigid linkage ++ ++ + + (22]
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EA
- (M
where E¥ = 69 GPa is the elastic modulus of aluminum, A =
T(r2yer — Thner) 18 the cross-sectional area of the pushrod tube,
and L is the total length. The converted stiffness at the crank
radius 7erpk = 75Mm i8S Korsion = Kpush * rfrank. The torsional
stiffness of the torsion rod is given by equation 2] The reflected
mass per meter for each element type was computed from its
geometry and density. Torsional stiffness was estimated as:
GJ
=7 2
where G is the shear modulus of aluminum (26 GPa), J is the
polar second moment of area of the hollow rod cross-section,
and L is the rod length. The polar moment was computed as

™
J = 5 (r;luler - ri%mer) (3)

To compare the stiffness of the hybrid torsion-pushrod concept
to the pure torsion and pure pushrod concepts, the total
stiffness in series is calculated:

kpush =

k

Lt @

2
kpush * T rank Etorsion

ktotal

Rather than comparing rotational inertia directly, the analysis
uses reflected mass m..q, defined as the equivalent point mass
at the crank tip that would produce the same rotational inertia
about the crank axis:

I
- )

rcrank

Mrefl =

Physically, the reflected mass represents how heavy the trans-
mission feels to the actuator: a transmission with a reflected
mass of 1kg requires the same force to accelerate at the crank
tip as a 1kg point mass. Comparing reflected mass across
configurations allows intuitive assessment of the inertial load
imposed on the actuator, independent of the geometry. The
resonance frequency is calculated through:

o 1 Kret
fo= 5

(6)
Merefl

Based on the elementary equations listed above, the develop-
ment direction was chosen. The results are presented in Sec-
tion [l To find the stiffness and reflected mass contribution of
every component in the prototype, more in-depth calculations
are required.

C. Component Reflected Mass and Compliance

For systems with both distributed and concentrated masses,
the effective modal mass at the driven end differs from the
total mass. For a torsion rod driven at one end and free at
the other, the distributed inertia of the rod itself participates
only partially in the first mode: the effective modal inertia of
the distributed part is Iy /3, where Iy is the total rotational
inertia of all distributed elements [31]]. Concentrated masses

at the free end, such as the handle, contribute their full inertia.
The resonance frequency is therefore:

f o i kreﬂ
" 2m IdiSl/(S r?rank) + MPOim

where I4g is the total rotational inertia of the distributed
elements: torsion rods and pushrods. 7¢rank 1S the crank radius,
and Mpeinc is the sum of all concentrated masses at the crank
radius at the final stage of the transmission. Equation [7]is used
for the component-level analysis in Section

To identify the dominant compliance sources in the trans-
mission, the total stiffness was modeled as a series combina-
tion of all compliant elements. The total compliance is:

(7

Ctotal = C’torsion + CVpushrocls + Z C'joim,i (8)

where C' = 1/k in rad m/N. The compliance of each element
was estimated from its geometry and material properties using
the equations introduced above.

The joint assemblies in the prototype consist of several
compliant sub-elements in series: the torsion rod clamp, the
bearing housing, the aluminum crank plates, and the igus rod
end bearing. Each was modeled as a linear elastic element.
The bearing housing and the plates were modeled as a beam
of length Lcomponen; Width b, and height h in the loading
direction:

3
3EmalIcomponent bh
kcomponent = 1137’ Icomponem = E )
component

For 3D-printed parts, Icomponent Was adjusted with infill fraction
p to account for hollowed parts by Iigjusted = Lcomponent — Jinfill-
Where

(1—pb-(1—p)h®
12

Furthermore, the elastic modulus FEppa was adjusted for layer
orientation. For components where the loading direction lies
out-of-plane with the printed layers, the elastic modulus is
reduced to Fpra/3 [32].

An implicit assumption throughout is that the frame is
infinitely stiff relative to the transmission elements. Any frame
compliance would appear as an additional compliance source
in series, consistent with the bottleneck analysis in Section
The hybrid concept was developed into a prototype iteratively.
The documentation of the iterations is covered in Appendix A.
The final stage of iteration is covered in Section [II]

Tinfit = (10)

III. RESULTS A
A. Preliminary Calculations

Before prototype construction, the resonance frequency
was estimated for three transmission configurations using the
methods described in Section a pure pushrod system, a
pure torsion-rod system, and the hybrid alternating configura-
tion selected for development. All estimates assume a total



transmission length of 9m and use the prototype dimen-
sions: torsion rods of 30 mm outer diameter and 1 mm wall
thickness, and pushrods of 10 mm outer diameter and 1 mm
wall thickness. To include the end-effector in the analysis, a
point mass of 0.146 kg was added, equal to the handle mass
reported by Bode et al.| [10]. Joint compliance is deliberately
excluded from these estimates, the purpose is to establish
that the selected rod dimensions are sufficient to meet the
20 Hz requirement before construction, not to predict the final
assembled stiffness. The contribution of joint compliance is
characterized analytically in Section [V]following experimental
validation.

TABLE II: Estimated resonance frequency for three
transmission configurations over 9 m. Masses include handle
point mass of 0.146 kg. r¢ank = 75 mm

Configuration kE Nm/rad) m (kg) f, (Hz)
Pure pushrod 1.24 x 103 0.846 81.2
Pure torsion rod 59.7 0.224 34.6
Hybrid alternating 114 0.535 31.0

The pure torsion-rod estimate of 34.6 Hz confirms that the
selected rod dimensions provide sufficient stiffness for the
20 Hz requirement in isolation. The hybrid and pure pushrod
estimates provide context for interpreting the measured per-
formance of the built prototype, and are discussed further in
Section The three-scenario comparison reveals the trade-
off inherent to the hybrid concept. A pure pushrod transmis-
sion of 9m in length achieves the highest stiffness but carries
the largest reflected mass, as the pushrod material operates
at the full crank radius. A pure torsion-rod transmission
minimizes reflected mass due to the small tube radius, but
requires backlash-free torsion-to-torsion couplings at every
direction change, which are not available commercially. The
hybrid alternating configuration has a lower stiffness relative
to the pure pushrod case, while reducing reflected mass and
reducing the joint count. Comparing the hybrid estimate to
the pure torsion-rod estimate also reveals whether the addition
of pushrods to the system increases or decreases overall
stiffness: since the pushrods are substantially stiffer per unit
length when reflected to the crank radius, their inclusion
raises the total reflected stiffness relative to a pure torsion-rod
system, at the cost of increased reflected mass. The estimated
resonance frequency of 31Hz for the hybrid configuration
exceeds the 20 Hz requirement, confirming that the concept
is mechanically viable. Therefore the rod diameter of 30 mm
was deemed sufficient. The hybrid torsion-pushrod concept
was therefore selected as the basis for prototype development.

B. Built Prototype

The resulting prototype was named the MaRCHMan (Mag-
netic Resonance Conditional Haptic Manipulator) transmis-
sion. The prototype is the result of the iterations described
in Appendix A. Figure [5] shows both configurations.

The system is mounted on a high-stiffness aluminum ex-
trusion frame with adjustable height for the handles, enabling
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flexible test configurations. Four torsion rods are connected by
five pushrods, with a crank radius of 75 mm and a transmis-
sion ratio of 1:1. Angle sensors (ZF Electronics AN820032
magnetic angle sensor) were fitted to measure the input and
output angle, both connected to an Arduino Uno. The total
transmission length in the Square Configuration is 9 m, repre-
sentative of the distance between an MRI bore and the adjacent
control room [10]. The torsion rods are each 1500 mm long,
giving a total torsion-rod length of 6 m. The vertical pushrods
are 1000 mm long and horizontal pushrods are 500 mm long.
The torsion rods rotate in steel roller bearings mounted in 3D-
printed bearing housings, shown in Figure [6] Rod ends (igus
KBRM-06) are threaded onto inserts bonded into the hollow
pushrod ends, providing the connections between torsion rods,
pushrods, and bearing axles. The use of steel bearings and
fasteners is a deviation from MR-Conditionality requirements;
the implications of substituting these components with MR-
Conditional alternatives are discussed in Section [VI The
Square Configuration incorporates ten 90° bends. In an actual
MRI installation the number and placement of bends will
depend on the specific room geometry, and a straight segment
is likely to dominate the transmission path. The Straight-Line
Configuration was therefore developed by arranging all four
torsion rods end-to-end, omitting corner joints. To preserve
identical sensor mounting conditions, the input and output
pushrods connecting the handles to the torsion rod remain
in place. The total transmission length of the Straight-Line
Configuration is 7.5m, consisting of 6 m of torsion rod and
1.5m of pushrod (1 m and 0.5 m segments). The four torsion
rods were coupled end-to-end using 3D-printed shaft couplers,
each clamped with M6 bolts to create a single 6 m torsion
rod. Intermediate 3D-printed support brackets were added to
prevent sagging over the unsupported length. Both are shown
in Figure [/| The support brackets use sliding contact without
rolling elements.

To evaluate whether the prototype meets the stated proof-
of-concept requirements, both configurations were subjected
to experimental validation, described in Section

IV. METHODOLOGY B
A. Methods Part II: Prototype Validation

1) Frequency Response Measurement: The frequency re-
sponse of the transmission was estimated using open-loop sys-
tem identification. The overall measurement chain is illustrated
in Figure |8} The transmission input shaft was perturbed by
the Proprio, a hydraulic linear actuator capable of applying
controlled forces across the frequency range of interest [33].
The coupling between the Proprio and the transmission is
shown in Figure 0] The control bandwidth is defined as the
frequency at which the FRF magnitude first crosses the —3 dB
threshold relative to the low-frequency gain.

Excitation signals were designed as crested multisines. A
multisine concentrates power at a discrete set of frequencies,
avoiding spectral leakage by ensuring an integer number of
periods fits within the observation window. Cresting reduces
amplitude peaks and maximizes power per frequency for a
given amplitude constraint [34]. Each run excited a defined
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Fig. 5: The MaRCHMan transmission prototype in both test configurations. Left: Square Configuration (9 m total, ten 90°
bends). Right: Straight-Line Configuration (7.5 m total, no bends), with corner joints replaced by coupler shafts of equal
mass.

frequency band; successive runs covered progressively higher
bands until the full frequency range of interest was mea-
sured. The signal was repeated twelve times within each
measurement window, resulting in a total signal duration
of 24s per run. Rather than treating the commanded force
signal as the system input directly, the resulting motion at the
transmission input shaft was measured by sensor 0 and used as
the true system input, as illustrated in Figure |8] The approach
accounts for the unknown dynamics between the applied force
and the resulting shaft motion, including actuator dynamics
and mechanical compliance at the coupling interface. The
transmission output was measured simultaneously by sensor 1,
mounted at the distal end of the transmission. Both sensors
were sampled by an Arduino at 200 Hz. Despiking was applied
when a sensor produced angular velocity values exceeding
2000 ° /s, which were deemed physically unrealistic given the
transmission geometry. Points where the velocity exceeded
the threshold were deleted from the measurement after which
the points were replaced with interpolated values. All signal
parameters and per-run despiking decisions are documented in
Appendix B.

The power spectral density (PSD) of the sensor 0 signal
was computed to show which frequencies received sufficient
excitation energy, as shown schematically in Figure [§] Clock
synchronization between the Arduino and Proprio was not
available, meaning power peaks may not land exactly on
the designed frequencies, risking unreliable FRF estimates.
Therefore, a peak-finding approach was used to identify the

excited frequencies from the sensor O signal. The peak-finder
identifies the frequencies where excitation energy actually
landed, ensuring only well-excited frequencies are carried
forward into the FRF computation. The full-signal FFT of
sensor 0 was computed for each measurement run. Within the
user-defined frequency band of each run, local maxima were
identified using a prominence-based criterion: a candidate peak
was accepted only if its amplitude stood at least P, dB above
the local baseline relative to the band maximum, where P,
was set per run in the range 15dB to 50dB depending on
the signal-to-noise ratio of the excitation. A minimum inter-
peak spacing of 0.3Hz to 0.4Hz was enforced to prevent
detection of closely-spaced peaks. The prominence and inter-
peak spacing values were found empirically per run. The per-
run values are documented in Appendix B.

The frequency response function (FRF) was computed at
the identified peak frequencies as

Sa120 (f)
Seoo(f)

where S;,4, is the auto-power spectrum of the input position
(sensor 0) and S,,,, is the cross-power spectrum between
output (sensor 1) and input, both estimated using Welch’s
method [35] with a Hann window of 1024 samples and 50%
overlap.

Coherence between sensor 0 and sensor 1 was computed
alongside the FRF as a quality indicator, defined as

H(f) = Y



Fig. 6: 3D-printed bearing housing supporting the torsion
rod. The housing is fastened to the aluminum extrusion
frame with steel bolts.

|Sarao (£)I?
Sﬁl)oiEo (f) lexl (f)

where 72 € [0, 1], with values approaching one indicating a
linear, noise-free relationship between input and output at that
frequency. Frequencies where coherence fell below 0.8 were
excluded from bandwidth interpretation.

Finally, a single degree-of-freedom mass-spring-damper
model was fitted to the measured FRF. The model transfer
function is

Y(f) = (12)

2
Kuw;

H =
() w2 — w? + 2jCwpw

13)

Parameters w,, ¢, and K were identified by minimizing
a coherence-weighted, frequency-weighted logarithmic cost
function [34]:

Hmeas(f) 2

N
Ve =2 i

The logarithmic ratio reduces emphasis on high-magnitude
frequencies, frequency weighting compensates for the un-
equal density of points on a logarithmic frequency axis, and
coherence weighting reduces the contribution of frequencies
estimated with lower reliability [34]. The natural frequency w,
was initialized at the frequency of maximum FRF magnitude.

2) Stiffness Measurement: The torsional stiffness of the
transmission was measured statically for both the Square
Configuration and the Straight-Line Configuration. The out-
put shaft (sensor 1 side) was loaded with known hanging
weights at a moment arm of 75 mm, while the input shaft

(14)
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Fig. 7: Shaft coupler (left) clamping two torsion rod ends

with M6 bolts, and sliding support bracket (right) preventing

sagging of the 6 m torsion rod. The support bracket uses
plain contact without rolling elements.

(sensor O side) was rigidly blocked. Six load steps were
applied: 0.625kg, 1.102kg, 1.584 kg, 2.066 kg, 2.362 kg, and
2.844 kg. At each step, the angular deflection at both sensor 0
and sensor 1 was recorded.

The applied torque at each load step was computed as

T = Mg Teif (15)

where m is the applied mass, g = 9.81m/s? is the gravita-
tional acceleration, and ref = r cos(0) is the effective moment
arm corrected for the deflection angle § measured at sen-
sor 0. The correction accounts for the reduction in horizontal
moment arm as the crank rotates, though deflection angles
remained small across all load steps, making the correction
minor in practice.
Torsional stiffness was computed at each load step as

T
Af
where Af = 6, — 0y is the angular deflection between input
and output, with 6y and 6; the angles recorded by sensor O
and sensor 1 respectively. The stiffness reported is the mean
across all load steps.

3) Additional Requirement Measurements: The range of
motion of the transmission was assessed by rotating the input
handle from one mechanical endstop to the other. Backlash
was measured by blocking the output of the transmission,
and rotating the input by hand back and forth. The change
in relative angle was measured. Static friction was measured
by applying incremental hanging weights at the 75 mm crank
arm, analogous to the stiffness measurement procedure, until

k (16)
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Fig. 8: Block diagram of the measurement chain. The Linear Actuator applies a force signal to the input shaft. Sensor 0
measures the resulting input motion, which is treated as the true system input. The power spectral density (PSD) is extracted
from the Sensor 0 signal. The MaRCHMan transmission is the system under test. Sensor 1 measures the output motion. The

PSD is extracted from the Sensor 1 signal. The frequency response function (FRF) is found through comparing the PSDs

from both sensor signals. The transfer function is found with equation @

Fig. 9: The Square Configuration coupled to the Proprio
hydraulic actuator via a slider crank mechanism.

the transmission began to move. The corresponding torque at
the onset of motion was taken as the static friction torque.

V. RESULTS B
A. Representative Bandwidth Measurement

A representative measurement from the Square Configura-
tion is shown here to illustrate the measurement chain. The
combined input spectra for all runs used in the Square Con-
figuration are shown in Figure [I0} demonstrating continuous
excitation coverage from 0.5 Hz to 20 Hz with no gaps.

The time-domain angle signals recorded by sensor O (input)
and sensor 1 (output) for a representative run are shown in
Figure [TT] The two signals overlap closely throughout the
steady-state excitation interval. Two large transient spikes are
visible at ¢ ~ 3s and ¢ ~ 21s, corresponding to actuator
startup and switch-off.

The frequency content of the measured input signal was
observed to have shifted upward from the designed excitation
frequencies. For the representative run, the designed band of
12Hz to 15Hz shifted to approximately 14.5Hz to 19 Hz.
The shift was consistent across all runs and is discussed in
Section VI

The PSD of sensor 0 with detected peaks is shown in
Figure [I2] and the resulting FRF is shown in Figure T3]
Coherence at the selected frequencies exceeds 72 = 0.9 in
all cases.

1) Square Configuration, Combined FRF: Figure [14] shows
the combined FRF for both configurations. For the Square
Configuration, the fit (T3] identifies a resonance frequency of
fres = 15.0Hz and predicts a —3 dB bandwidth of 24.1 Hz.
The resonance peak is visible in the measured data, and
the FRF fit follows the measured points closely through the
resonance and into the rolloff region. Above resonance, the
magnitude decreases at approximately —40dB per decade.
Coherence exceeds 0.8 at all measured frequencies.

2) Straight-Line Configuration, Combined FRF: The
Straight-Line Configuration FRF is also shown in Figure [T4]
The fit identifies a resonance at f;.s = 27.5 Hz and extrapolates
a —3dB bandwidth of 46.9Hz. The —3dB crossing lies
beyond 35 Hz, above which coherence drops below 0.8. The
reported bandwidth is therefore a model extrapolation rather
than a directly measured value.

B. Stiffness Measurement

Figure [T3] shows the measured torque as a function of an-
gular deflection for both configurations. The torque-deflection
relationship is highly linear across all load steps for both
configurations. The Square Configuration yields a torsional
stiffness of k4 = 14.5Nm/rad (R*> = 0.997) and the
Straight-Line Configuration yields kp = 48.5 N m/rad (R? =
1.000). Both configurations transmitted the maximum applied
torque of 2.1 N m without evidence of nonlinearity, exceeding



the 1.2 N'm torque requirement. During the measurement, the
bearing housings were observed to both bend in-plane and
deflect out-of-plane. The significance of this observation is
quantified in the analytical model below and discussed in
Section [V1l

C. Additional Requirements

A range of motion of [—42°,42°] was observed, exceeding
the [—40°,40°] requirement. No backlash was observed in
either configuration across any measurement run. The Square
Configuration yielded a static friction torque of 0.070 Nm.
With 10 joints, the Square Configuration has a static friction
torque of 0.007 N m per joint. The Straight-Line Configuration
yielded 0.134 Nm with 4 joints, resulting in a static friction
torque of 0.0335Nm per joint. The Square Configuration
meets the 0.0225 N m per joint requirement; the Straight-Line
Configuration does not.

D. Analytical Stiffness Model

All data required to reproduce the results calculated in this
section are included in Appendix A.

1) Reflected Mass: The reflected mass was estimated from
the measured resonance frequency and stiffness for each
configuration using equation [f] For the Square Configura-
tion: My a = 0.291kg. For the Straight-Line Configuration:
meap = 0.289kg. The reflected mass is nearly identical
across both configurations. The analytical reflected mass esti-
mate from the model gives mpena = 0.417kg and meap =
0.302kg, both higher than the measurement-derived values.
The discrepancy and the difference between configurations in
the analytical estimate are discussed in Section [VI]

2) Series Compliance Model: The series compliance model
described in Section [lI| was applied to both configurations
using the prototype geometry and material properties. Joint
compliance is included. Table [l shows the predicted stiffness
and the fractional compliance contribution of each component.

10°
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Fig. 10: Combined input spectra for all runs contributing to
the Square Configuration FRF. Each color represents one
measurement run. Together the runs provide continuous
coverage from 0.5 Hz to 20 Hz.
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Fig. 11: Time-domain angle signals for a representative run
(12Hz to 15 Hz band, Square Configuration). Sensor 0
(input, blue) and sensor 1 (output, orange) overlap closely.
Transient spikes at ¢t ~ 3s and ¢ ~ 21s correspond to
actuator startup and switch-off.
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Fig. 12: PSD of sensor O for a representative run, with

detected peaks marked. Peaks were identified using the

prominence-based method described in Section [[V| and
carried forward into the FRF computation.

The model predicts 38.1 N m/rad for the Square Configuration
and 62.9Nm/rad for the Straight-Line Configuration. The
discrepancy between measurement and the modeled result is
discussed in Section [V1l

3) Predicted Resonance Frequency: Using the predicted
stiffness and reflected mass values, the resonance frequency
was estimated for both configurations with equation (7). The
results are shown in Table [V

VI. DISCUSSION
A. Requirements Check

Most proof-of-concept requirements were met by both con-
figurations. The control bandwidth exceeded 20 Hz in both
cases: the Square Configuration achieved a —3 dB bandwidth
of 24.1 Hz and the Straight-Line Configuration an extrapolated
bandwidth of 46.9 Hz. Both configurations transmitted the
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Fig. 13: FRF of a representative run (12 Hz to 15 Hz band,
Square Configuration). The full FRF estimate (gray) is
shown alongside selected peak frequencies (orange dots)
with coherence 2 > 0.9. Coherence drops outside the
excited band as expected.

TABLE III: Compliance breakdown for both configurations.
Contributions expressed as percentage of total predicted
compliance. Bearing housing includes in-plane bending only;
out-of-plane effects are discussed in Section

Component Square (%) Straight (%)
Torsion rod 45.3 74.8
Bearing housings 36.3 12.0
Crank plates 10.2 6.7
Rod ends 0.5 0.3
Clamps 6.6 44
Pushrods 1.0 0.8
Couplers N/A 0.9
Predicted &£ (N'm/rad) 38.1 63.0
Measured k& (N m/rad) 14.5 48.5

maximum applied torque of 2.1 Nm without nonlinearity,
exceeding the 1.2 Nm requirement. The range of motion of
[—42°,42°] exceeds the [—40°, 40°] requirement. No backlash
was observed in either configuration. Static friction exceeded
the 0.0225 Nm per joint limit for the Straight-Line Config-
uration and is discussed in Section The MaRCHMan
prototype therefore demonstrates that the torsion-pushrod con-
cept is mechanically viable. Additional development is needed
before the concept can be realized as a fully MR-Conditional
system deployable in a clinical environment.

TABLE IV: Reflected mass breakdown for both
configurations. Contributions expressed as percentage of total
predicted reflected mass.

Component Square (%) Straight (%)
Torsion rod (I/3) 5.0 6.8
Pushrod Assemblies (I/3) 58.4 39.7
Handle 0.6 0.9
Output Rod 36.0 49.6
Couplers (I/3) N/A 3.0
Predicted myeq (kg) 0.417 0.302
Measured myeq (kg) 0.291 0.289

TABLE V: Summary of predicted and measured
transmission performance for both configurations. f,, was
predicted with the predicted M eq.

Square Straight

Predicted Measured Predicted Measured
k 38.1 14.5 63.0 48.5
(Nm/rad)
Merefl 0.417 0.291 0.302 0.289
(kg)
fn (Hz) 20.3 15.0 30.6 27.5
Bandwidth — 24.1 — 46.9"
(Hz)

"Model extrapolation.

B. Performance Bottleneck Analysis

1) Resonance Frequency as Design Target: The reported
—3 dB bandwidth is the standard control systems definition,
measured relative to the low-frequency gain, but it is not
the most informative metric for transmission design. The
resonance frequency is a more natural design target: it can
be estimated analytically before a prototype is built, it directly
indicates where the transmission begins to behave dynamically,
and pushing it above the frequency range of interest elimi-
nates the resonance peak from the operating range entirely.
The resonance peak visible in the Square Configuration FRF
exceeds 10dB, which would be problematic for position
control without active damping or compensation. The design
recommendations in this section are therefore framed in terms
of resonance frequency rather than —3 dB bandwidth.

2) Compliance Model vs Measurement: The series compli-
ance model presented in Section predicted a Square Con-
figuration stiffness of 38.1 Nm/rad and a Straight-Line stiff-
ness of 62.9 N m/rad. The measured values are 14.5 N m/rad
and 48.5Nm/rad respectively. The Straight-Line prediction
is within 30% of the measurement, indicating the model
captures the dominant compliance sources adequately for the
configuration without corner joints. The Square prediction is
163 % higher than measured, indicating a significant unmod-
eled compliance source that scales with joint count.

The compliance breakdown in Table confirms that
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Fig. 14: Combined FRF of both configurations. Top fo bottom: magnitude (dB), phase (deg), coherence. Square
Configuration (9 m total, ten 90° bends), assembled from five measurement runs: resonance at fr = 15.0Hz, —3dB
bandwidth of 24.1 Hz; magnitude rolloff follows the expected —40 dB per decade second-order slope; coherence exceeds 0.8
at all measured frequencies. Straight-Line Configuration (7.5 m total, no bends), assembled from twelve measurement runs:
resonance at fi.s = 27.5 Hz, extrapolated —3 dB bandwidth of 46.9 Hz; coherence exceeds 0.8 up to approximately 35 Hz.

bearing housing compliance is the largest single contributor
in both configurations. However, the in-plane model alone
cannot account for the discrepancy. The bearing housing can
also deflect out-of-plane relative to the crank rotation plane.
The out-of-plane direction is governed by the weaker cross-
sectional axis, with stiffness reduced by a factor (hoop/hip)*
relative to the in-plane value. For the current housing geometry
this ratio is (12.5/40)% ~ 0.030, meaning the out-of-plane
stiffness is approximately 33 times lower than the in-plane
stiffness. Out-of-plane deflection arises from any misalignment
between the pushrod axis and the crank rotation plane, which
cannot be eliminated entirely in a hand-assembled prototype.

The total compliance of a bearing housing subject to both
in-plane and out-of-plane loading is:

Cholder,lotal = (1 - a) CYholder,ip + « C’holder,oop a7

where « € [0,1] is the fraction of the pushrod force acting
out of plane due to assembly misalignment. At o = 0.30, the
predicted Square stiffness drops to 19.0 N m/rad, nearing the
measured 14.5 N m/rad. For the Straight-Line Configuration,
the same value of « gives 50.1 Nm/rad, consistent with the
measured 48.5 N m/rad. Out-of-plane bearing housing deflec-
tion therefore accounts for the discrepancy between the in-
plane model and the measured stiffness in both configurations.

The parameter o was not measured directly and was instead
back-calculated from the measurement. Direct measurement of
the pushrod misalignment angle at each joint is recommended
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Fig. 15: Torsional stiffness measurement results for both
configurations. A linear fit gives the Square Configuration
ka = 14.5Nm/rad with R? = 0.997, and the Straight-Line
Configuration kp = 48.5 N m/rad with R? = 1.000.

as a next step, as it would allow the compliance model to be
used predictively rather than retrospectively.

3) Improvement Paths: The primary recommendation is to
replace the 3D-printed PLA bearing housings with machined
aluminum or to mount bearings onto the stiff frame. PLA
has an elastic modulus approximately 20 times lower than
aluminum, and the 3D-printed geometry produces the domi-
nant compliance contribution identified above. Stiffer housings
would reduce both the in-plane and out-of-plane compliance
simultaneously. Based on the compliance breakdown, elimi-
nating housing compliance entirely would raise the predicted
Square stiffness to approximately 59.9 Nm/rad, giving a
resonance frequency of approximately 30.5 Hz, well above the
20 Hz target.

A secondary option is reduction of the crank radius. The
resonance frequency scales as f, o 1/7¢nk, since reflected
inertia scales as myeq 72, While torsional stiffness of the rods
is independent of crank radius. The minimum crank radius that
still satisfies the £40° range of motion requirement is:

Pt = rlorm.on + Tpushrod (18)
sm(@RoM)

where Tigion = 15 mm, Tpushroa = Smm, and Orom = 40°,
giving Tmin ~ 31mm. The current endcap design limits
range of motion to approximately +42°, well below the
geometric maximum of +74° permitted by the 75 mm crank.
Redesigning the endcap would allow the crank radius to be
reduced to 31 mm while maintaining the range of motion
requirement, raising the resonance frequency by a factor of
75/31 = 2.4 through inertia reduction alone. However, crank
radius reduction is only advisable after housing stiffness has
been improved: if housing compliance dominates, reducing the
crank radius makes the housing compliance relatively worse,
since the housing compliance contribution scales as 1/r2, ..

It should also be noted that the measurement of transmission
stiffness between a free input and blocked output is not

fully representative of operation with a damped human hand
load. In practice, the hand presents a significant impedance at
the end-effector, which would damp the resonance and shift
the resonance frequency downward while reducing the peak
magnitude [9, [28]].

C. Design Limitations

1) Torsion Rod Diameter Selection: The torsion rod outer
diameter of 30 mm was selected by estimating the resonance
frequency of a pure torsion rod and verifying it exceeded
20Hz. In that estimate, the crank radius was incorrectly as-
sumed equal to the rod outer radius, i.e. T¢rank = Trod = 15 mm.
The actual crank radius is 75 mm.

TABLE VI: Effect of crank radius assumption on estimated
resonance frequency for a 30 mm aluminum torsion rod over

9m.
Tcrank 15mm 75mm
Meef (k) 2.217 0.229
fn (Hz) 55 34

Table illustrates the consequence of the incorrect as-
sumption. Using the actual crank radius of 75 mm reduces the
estimated resonance frequency from 55 Hz to 34 Hz, a factor
of 1.6. Both values still exceed the 20 Hz requirement for a
pure torsion rod without joint compliance, so the incorrect
assumption did not invalidate the feasibility check. However, it
produced an overly optimistic baseline: once joint compliance
is included in the assembled prototype, the resonance drops
to 15.0Hz in the Square Configuration, revealing that the
available margin was much smaller than the initial estimate
suggested.

2) Stiffness Estimation Timing: The series compliance
model was constructed retrospectively, after prototype fabri-
cation and measurement. Had this model been applied before
the final prototype iteration, the bearing housing compliance
would have been identified as the dominant bottleneck be-
fore the validation experiments were conducted on the final
prototype. Replacing the 3D-printed housings with stiffer
alternatives would have been straightforward at that stage. For
the next design iteration, performing the compliance analysis
before fabrication is strongly recommended.

3) Reflected Mass Model: The analytical reflected mass
estimate differs from the measurement-derived value for both
configurations. The measurement-derived reflected mass is
approximately 290 g for both configurations, while the ana-
lytical model gives 417 g for the Square and 302g for the
Straight-Line. Two sources of uncertainty contribute to this
discrepancy.

The first is the effective radius of each mass component.
Pushrod assemblies were modeled as point masses at the
crank radius, but each assembly consists of the tube, rod ends,
axles, slide bearings, endcaps, and couplers, each at a slightly
different effective radius. Lumping all of this mass at the
crank tip may have overestimated the inertial contribution of
components that sit closer to the rotation axis.



The second is the placement of the distributed-to-point-
mass boundary in the /3 approximation. The approximation
divides the system into a distributed chain contributing /3,
and a concentrated final stage contributing its full inertia.
In this model the boundary was placed at the output crank,
with the output pushrod and handle treated as the final point
mass. Because the output pushrod is a stiff element with
minimal compliance contribution, including it in the final
stage produced the best agreement with the measurement-
derived value. However, the correct boundary placement is not
uniquely defined for a non-uniform chain of elements, and a
different choice would shift the predicted reflected mass.

The measurement-derived value is the more reliable of the
two, since it is derived directly from the measured stiffness
and resonance frequency rather than from geometric estimates.
The analytical model is best understood as a design tool for
comparing configurations and identifying dominant contrib-
utors, not as a precise predictor of absolute inertia. Direct
characterization of each component’s inertia contribution is
recommended to resolve the discrepancy in a future iteration.

4) Static Friction: The Square Configuration met the static
friction requirement with 0.007Nm per joint, below the
0.0225Nm limit. For the Square Configuration, the igus
rod ends were the primary friction source. Rod ends vary
considerably in friction between the ball and housing, and it
is recommended to screen rod ends before assembly in future
designs.

The Straight-Line Configuration did not meet the require-
ment, yielding 0.0335 N m per joint. The elevated friction was
caused by sliding contact between the 6 m torsion rod and
the 3D-printed support brackets, which lack rolling elements.
Replacing the sliding support brackets with rolling contact
bearings is recommended to reduce friction and prevent wear.

D. Applicability of the Current Transmission

To illustrate the applicability of the transmission to the
intended research context, consider the protocol of [Vlaar
et al.l in which continuous periodic wrist disturbances were
applied to stroke patients during EEG recording to quantify so-
matosensory cortical responses [7]. The disturbance signal was
a multisine spanning 0.8 Hz to 19.2 Hz with an amplitude of
0.02rad (1.15°) RMS. Both developed configurations exceed
the 20 Hz bandwidth required to transmit such a signal, and
the small disturbance amplitude lies within the linear operating
range confirmed by the stiffness measurements.

The Vlaar protocol applies position-controlled disturbances.
Transmission compliance introduces a small angular difference
between input and output but does not distort the motion
delivered to the wrist; it requires only that the actuator exert
additional force to deflect the compliant transmission before
the output moves. At the highest excited frequency of 19.2 Hz,
the peak inertial torque demand is:

2 2
T = Myefl * Topank W~ * 0

19)

where myen = 0.29kg, rerank = 0.075m, w = 27 x 19.2 rad/s,
and # = 0.02rad. Evaluating gives 7 ~ 0.047Nm. The
resulting angular deflection is A8 = 7/k, giving:

MASTER THESIS THOMAS VALK, JUNE 2026

_ 0.047Nm
~ 14.5Nm/rad

corresponding to approximately 15 % of the disturbance ampli-
tude. For the Straight-Line Configuration, the higher stiffness
reduces the deflection to Afg ~ 0.001rad, or less than 5 %.
Both values are small relative to the disturbance amplitude
and can be further reduced by compensating the known static
deflection in the commanded input angle. The MaRCHMan
transmission is therefore mechanically compatible with the
Vlaar protocol and represents a viable path toward combined
EEG and fMRI experiments in a single MR-Conditional setup.

A ~ 0.003 rad (20)

E. MR-Conditionality: Required Substitutions and Expected
Performance Impact

The current prototype contains several components incom-
patible with MR-Conditional operation. The steel bolts clamp-
ing the joint plates onto the torsion tubes, and the steel T-
slot nuts fastening the bracket assemblies to the frame, are
the primary deviations. Replacing steel bolts with nylon or
titanium alternatives is straightforward. Nylon fasteners are
fully non-magnetic and lightweight but have lower shear and
tensile strength than steel. Titanium fasteners match steel in
strength while remaining non-magnetic, at higher cost. The
T-slot nut requires a purpose-designed clamping mechanism,
as non-magnetic drop-in replacements are not commercially
standard.

The steel roller bearings supporting the torsion rods carry
only radial load during normal operation. Substituting ceramic
or polymer rolling-contact bearings of equivalent geometry
is not expected to meaningfully affect static friction, as the
bearing contact is not the dominant friction source in the
current prototype.

MR-Conditionality does not require the complete absence
of metal. As confirmed during a site visit to Amsterdam Uni-
versitair Medisch Centrum, steel components are acceptable
in the MRI room provided they are not within the exclusion
zone around the bore. Actuator-side components that remain
in the control room could retain steel fasteners and bearings
without issue. Only components entering the scanner room,
and particularly those near the bore, require non-magnetic
substitution. Involving an MRI technical specialist early in the
next design iteration is strongly recommended.

F. Methods Limitations

1) Clock Synchronization and Frequency Shifting: The
multisine excitation signal was generated in MATLAB at a
design sample rate of 250 Hz and transmitted to the Proprio as
a raw sample vector without an explicit time axis. The Proprio
operates at an internal playback rate of 312.5 Hz, causing the
signal to play back at a rate 312.5/250 = 1.25 times higher
than intended. All excitation frequencies were therefore shifted
upward by a factor of 1.25, and the 24 s signal completed
playback in approximately 19s. This was confirmed by gen-
erating an equivalent signal at 312.5 Hz, which played back at
the intended duration. Because the excited frequencies were
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identified with the peak-finding approach from the sensor O
signal rather than from the designed frequency vector, the
frequency shift does not affect the validity of the FRF esti-
mate. For future work, matched sample rates between signal
generation and actuator playback are recommended, alongside
synchronization of the Arduino clock with the actuator control
system.

2) FRF Fit and Bandwidth Estimation: A single degree-of-
freedom mass-spring-damper model was fitted to the combined
FRF of both configurations. For the Square Configuration the
fit is well-supported: the resonance peak and the onset of
—40dB/decade rolloff are clearly visible within the mea-
sured range, and the —3 dB crossing is approached but not
fully reached. The reported bandwidth of 24.1 Hz is a short
model extrapolation supported by the fit. For the Straight-
Line Configuration the —3 dB crossing lies well beyond the
measured range, in a region where coherence drops below 0.8.
The reported bandwidth of 46.9 Hz is a model extrapolation
and should be treated with caution. The conclusion that the
Straight-Line Configuration maintains 0 dB gain over a sub-
stantially wider frequency range than the Square Configuration
is supported directly by the measured data and is independent
of the fit.

G. Modularity and MRI Room Integration

The current prototype is not modular; it was designed
and assembled as a single integrated structure for validation
purposes. A transmission for clinical or research use must
be modular for two reasons: MRI rooms are typically fully
booked during research sessions, leaving little time for setup
and teardown, and the transmission cannot remain permanently
installed between sessions. A modular design consisting of
discrete torsion stages and pushrod stages connected via a
quick-release mechanism would allow assembly, use, and
disassembly within a single session without tools. Each torsion
stage should clamp to a rigid surface in the scanner room; the
rigidity of the mounting points is as important as the stiffness
of the moving components, as any compliance in the support
structure appears in series with the transmission stiffness.

The MRI patient bed introduces an additional integration
challenge. The bed slides into the bore with the patient, so
any transmission component attached to the bed must either
move with it or disconnect and reconnect after positioning.
A practical solution is a final connection stage inserted after
patient positioning: a pushrod stage with a tool-free quick-
release at one end, locked in place once the bed is in its
final position. Safety considerations for emergency patient
removal must be addressed in the mechanical design of this
connection: the quick-release must allow rapid disconnection
without tools.

VII. CONCLUSIONS

This paper presented the design and experimental validation
of the MaRCHMan, a torsion-pushrod transmission for MR-
Conditional haptic manipulation. The prototype is a proof-
of-concept for a transmission system that is a strong basis

for any future MR-Conditional haptic manipulator capable of
supporting combined EEG-fMRI motor control research.

The transmission employs alternating torsion rods and
pushrods to transmit motion and force mechanically from
outside the MRI room into the scanner bore over a distance
of 9m. Two configurations were validated: the Square Con-
figuration, incorporating ten 90° bends, and the Straight-Line
Configuration, without corner joints. Most proof-of-concept
requirements were satisfied by both configurations: a control
bandwidth exceeding 20 Hz, torque transmission of at least
1.2Nm, a range of motion of [—42°,42°], and no observable
backlash. Static friction exceeded the requirement in the
Straight-Line Configuration, caused by sliding contact between
the 6 m torsion rod and the 3D-printed support brackets.

Comparing the two configurations revealed that the Square
Configuration is approximately 3 times less stiff than the
Straight-Line Configuration despite similar reflected mass,
confirming that the bandwidth difference is driven by stiffness
rather than inertia. A series compliance model identified the
3D-printed bearing housings as the dominant compliance
source. The in-plane model predicted 38.1 N m/rad for the
Square Configuration; including out-of-plane bearing housing
deflection at a misalignment fraction of o = 0.3 reduces
the prediction to 19.0 Nm/rad, approaching the measured
14.5 N'm/rad. Pushrod axial stiffness is approximately three
orders of magnitude higher than bearing housing compliance
and does not contribute meaningfully to the bottleneck.

The primary recommendation for the next iteration is to
replace the 3D-printed PLA bearing housings with stiffer
alternatives, like pillow block bearings or mounting bearings
directly onto the stiff aluminum frame. Eliminating housing
compliance is predicted to raise the Square Configuration
resonance frequency from 15.0Hz to approximately 31 Hz.
Crank radius reduction from 75 mm to 31 mm is a secondary
option that further raises the resonance frequency through
inertia reduction, but should only be pursued after housing
stiffness has been addressed. The current prototype uses steel
fasteners and bearings and has not been validated in an MRI
environment. Steel components are acceptable outside the bore
exclusion zone, so only the in-bore segment requires MR-
Conditional substitution.

This work provides a validated transmission architecture, a
quantified compliance model identifying the bearing housing
as the primary bottleneck, and concrete design targets for
the next iteration, bringing a complete MR-Conditional haptic
manipulator one step closer to realization.
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Appendix A
Prototype Development

Remote Torque Transmission for MR-Conditional Haptic Manipulation:
A Torsion-Rod Approach

T.A. Valk
Delft University of Technology, Delft, 2628CD, The Netherlands

This appendixz documents the design iterations and fabrication details for the pro-
totype described in Section III of the main paper. The appendix also includes data
tables containing the information required for reproducing the modeled results in
Section IV of the main paper. The problem statement, clinical motivation, sys-
tem requirements, concept selection and preliminary calculations are defined in

the main paper and are not repeated here.
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Figure A.1: Simple sketch of the first prototype
Figure A.2: Iteration 1: torsion rod with 3D-printed clamp and handle. The clamp is

tightened with M3 bolts and bonded with Loctite adhesive. The handle contains an
embedded M8 bolt for bending stiffness. On the right the breakage is shown.

A.1 Design Iterations

A.1.1 TIteration 1: First Torsion Rod Clamp

The first iteration was a minimal prototype intended to answer three practical questions:
how to clamp onto a torsion rod without slippage, how the handle feels to operate, and

whether failure occurs at unexpected locations. A sketch of the idea is shown in Fig-

ure [A 1]

A leftover steel rod was used as the torsion element. A clamp was 3D-printed and tight-
ened onto the rod with M3 bolts. Rotating the clamp required considerable force, sug-
gesting that at larger rod diameters a friction clamp alone may suffice without adhesive;
at the diameter tested, Loctite adhesive was added to prevent slippage. A long M8 bolt
was embedded in the handle to provide additional bending stiffness. An overview of the

prototype is given in Figure [A.2]

The prototype failed at the interface between the clamp and the handle, which was the
expected weak point given that a 3D-printed plastic part was loaded in bending against

a steel rod. The failure confirmed that 3D-printed components should bear minimal
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Figure A.3: Crank-and-slider joint added to iteration 1, converting torsional motion of
the rod into linear pushrod motion guided by a slide bearing.

structural loads in future iterations, and that load-bearing interfaces should be reinforced
with metal inserts or replaced with aluminum parts. The handle size was adequate for

comfortable grip and required no modification.

A simple crank-and-slider joint was added to demonstrate conversion of torsional motion
into linear motion, shown in Figure [A.3] The pushrod translates vertically and is guided
by a plain slide bearing. Ideally, the pushrod would connect to a second torsion stage,

but a guided slider was sufficient to validate the operating principle at this stage.

A.1.2 TIteration 2: Rigid Arms, Alignment Issues

The second iteration extended the concept to demonstrate that motion could be trans-
ported along a path with multiple 90° bends, as required in a full MRI installation. The
transmission chain topology is shown in Figure [A.4} torsion rods handle the straight

segments and crank-pushrod stages redirect motion at each bend.

Two 90° bends were incorporated, routing motion up and over a table edge to demonstrate

that the principle scales to a multi-stage configuration. The CAD assembly is shown in

Figure and the physical prototype in Figure

Several problems were identified during assembly and testing. Alignment of the tor-
sion stages was difficult to achieve because the crank arms were rigid and the pushrods

used groove ball bearings, which require the groove plane to remain perpendicular to the
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Figure A.4: Transmission chain topology showing alternating torsion rods (blue) and
pushrods (pink) with crank joints at each 90° bend.

Figure A.5: CAD assembly of iteration 2. Rod lengths are shortened in the model for
clarity; the physical prototype used full-length rods.



Figure A.6: Physical prototype of iteration 2, showing two 90° bends and the
crank-pushrod joints at each corner.

pushrod axis throughout the full range of motion. Additionally, the rod sections were not
mounted to a rigid frame, allowing the pushrods to push the torsion rods out of alignment
rather than rotating them. The crank radius of 25 mm was also insufficient, limiting the
range of motion to approximately +50° before the pushrod would collide with the torsion
rod. The following iteration addressed the alignment issue and increased the crank radius.
Spherical rod ends were not yet incorporated in the next iteration, as the lead time was
too high.

A.1.3 Iteration 3: Single Plate, First Bandwidth Results

The primary problem identified in iteration 2 was misalignment between torsion stages.
A compliant plate element was introduced to address the misalignment: a thin plate has
high in-plane stiffness but low out-of-plane bending stiffness, allowing it to accommodate
small angular misalignments passively while remaining stiff in the load-bearing direction.

An early concept of the plate design is shown in Figure [A.7]

The entire transmission was mounted on aluminum extrusion profiles for the first time,
providing a rigid structural frame that prevented the pushrods from displacing the torsion
rods. The initial PMMA plate was replaced with a 2mm aluminum plate, as PMMA
proved too compliant under load. The crank radius was increased from 25 mm to 50 mm
to allow a larger range of motion. ZF Electronics AN820032 angle sensors were added to
the input and output shafts for the first time, logged by an Arduino at 200 Hz, enabling
quantitative performance measurement. The complete setup is shown in Figure[A.8 The
wiring diagram of the sensors to the Arduino is shown in Figure The sensor itself is
depicted in Figure

A first bandwidth estimation was performed using hand excitation, following the approach
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Figure A.7: The plate element bends out of plane to accommodate angular
misalignment between torsion stages. The plate shown is 2mm thick PMMA.

Figure A.8: Iteration 3: aluminum plate joint detail (left) and complete setup mounted
on extrusion profiles (right).
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The wiring diagram of the Arduino.

Figure A.10: ZF Electronics AN820032 angle sensor. The magnet, depicted on the right
was mounted directly on the input and output shaft. The sensor was mounted on the

input bracket.
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Figure A.11: Schematic of the hand-excitation bandwidth estimation method used in
iteration 3. Input and output angles are recorded simultaneously and processed into a
frequency response estimate.

illustrated in Figure [A.11] Coherence dropped above 10Hz, and the frequency content
of the applied force was unknown. Hand excitation was therefore deemed insufficient for
reliable FRF estimation, and the Proprio hydraulic actuator was used for all subsequent

measurements.

The result, shown in Figure [A.12] indicated 0 dB gain up to 10 Hz, meaning input and
output motion were equal in magnitude across the full range of reliable human excitation.
Coherence dropped below 0.8 above 10 Hz, indicating insufficient excitation power at
higher frequencies rather than a loss of transmission performance. The bandwidth marker
in the figure is beyond 10 Hz and is therefore unreliable. It should not be interpreted as the
true bandwidth of the system. The result was nonetheless encouraging: the transmission
showed no measurable attenuation up to the limit of hand excitation, suggesting the
actual bandwidth was higher than 10 Hz. Determining the actual bandwidth required an
actuator capable of exciting the system beyond 10 Hz with sufficient and controlled power.
The method used to achieve this with the final prototype is described in Section III of

the main paper.

The results justified scaling the concept up into a final prototype. Two design changes
were carried forward. First, the groove ball bearings from iteration 2 were replaced
with spherical rod ends, which inherently tolerate angular misalignment. Second, the
single-plate design placed the pushrod attachment point offset from the plate midplane,
generating an undesirable bending moment in the plate under load. The plates were
therefore doubled up in the final design, with the pushrod connecting between the two
plates at the midplane, placing the load symmetrically and eliminating the out-of-plane

bending.
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Figure A.12: First bandwidth measurement of iteration 3 using hand excitation. The
0 dB gain region extends to 10 Hz. Coherence drops below 0.8 above 10 Hz, making the
bandwidth estimate beyond that frequency unreliable.

A.1.4 TIteration 4: Final Prototype

The double-plate joint introduced in iteration 3 was refined into a fully symmetric assem-
bly. Each joint consists of two aluminum plates that slide onto the torsion rod and are
clamped together by two 3D-printed clamps tensioned with bolts. An axle is suspended
between the plates and retained by two slide bearings, which are held in a clamp fitting
around the outer faces of the plates. The spherical rod end attaches to the axle, con-
necting the torsion rod crank to the pushrod. Load is transferred symmetrically through
both plates, eliminating the out-of-plane bending moment identified in iteration 3. The

assembled joints are shown in Figure [A.T3]
A small O-ring was added between the slide bearing and the rod end to eliminate axial

play. Without the O-ring, the rod end could slide along the axle under load, introducing
backlash into the transmission. The O-ring creates a light preload that keeps the rod end
seated without restricting the spherical rotation needed for misalignment tolerance. The
O-ring installation is shown in Figure [A.14]

The pushrods are hollow aluminum tubes. Solid rods were used initially, but a buckling
analysis confirmed that hollow tubes of the selected wall thickness provided sufficient
buckling resistance at the maximum expected compressive load, at a significantly lower
mass. The assembled pushrod is shown in Figure [A.15. Two tube halves are joined by a

shaft coupling, which attaches to each tube with a setscrew. Longitudinal adjustment of
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Figure A.13: Double-plate joint assembly at the input handle (left), incorporating a
spherical rod end on the suspended axle, and at an intermediate joint (right).

Figure A.14: O-ring installed between the slide bearing and the rod end to eliminate
axial play on the axle.
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Figure A.15: Assembled pushrod with shaft coupling (left). Solid and hollow pushrod
variants shown for comparison (right); the hollow variant was selected for the final
prototype.

Figure A.16: igus KRBM-06 spherical rod end (left). Right-hand threaded aluminum
insert bonded into the hollow pushrod tube end with Loctite 638 (right).

the two halves within the coupling allows the transmission to be aligned during assembly
without disassembling the joints. Both tube ends are right-hand threaded to accept
the igus KBRM-06 spherical rod end, shown in Figure [A.16] The threaded interface is a
machined aluminum insert bonded into the tube end using Loctite 638 anaerobic adhesive.
The igus KBRM-06 rod ends are constructed from iglide polymer and are MR-Safe; they
were prioritized for MR-Safe material selection given their direct role in transmission

performance.
The torsion rods are also hollow aluminum tubes to minimize rotational inertia. Solid

aluminum inserts are bonded into both ends of each tube using Loctite 638, providing a
solid interface for the steel roller bearings that suspend the torsion rod in its mounting
bracket. The insert and assembled torsion rod are shown in Figure [A.T7]
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Figure A.17: Hollow torsion rod tube with solid aluminum insert prior to bonding (left).
Assembled torsion rod with insert seated in the steel roller bearing (right).

A.2 Compliance and Reflected Mass Models

A.2.1 Reflected Mass Model Data

Table A.1: Reflected mass budget for both configurations. Effective radius is the
assumed moment arm for each component. Components above the dividing line are
distributed elements contributing //3; components below contribute their full inertia.
The measurement-derived reflected mass is included for comparison.

Component Mass (g) 7o (mm) Configs
Distributed elements (contribute 1/3)

Torsion rods 1476 14.5 A B
Torsion rod inserts (per joint) 39 14.0 A'B
Crank-actuator assembly 220 75 AB
Input rod assembly 140 75 A B
Horizontal pushrods (x2) 230 75 A only
Horizontal counter rod 140 75 A only
Shaft couplers (x3) 360 20 B only
Concentrated elements (contribute full mr?)

Handle 50 30 A B
Output rod assembly 150 75 A B
Predicted myeq (g) Square: 417 Straight: 302
Measured myeq (g) Square: 291 Straight: 289
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A.2.2 Compliance Model

Table A.2: Geometric and material parameters for the series compliance model. All
components modeled as cantilever beams unless noted. Clamp and coupler stiffness
values include a factor of 10 to account for steel bolt clamping (*).

ComponentMaterial Dimensions pnsn k (Nmrad™)
Torsion Al 6061 ©30mm X 1mm, L =6m — 84.1

rod

Pushrods Al 6061 ©10mm X 1mm, L =3m — 3711
(Square)

Pushrods Al 6061 ©l0mm X 1mm, L =1.5m — 7422
(Straight)

Crank Al 6061 b=1mm, h=20mm, L = 75mm, x2 — 3733

plates

Bearing PLA (E/3) b=125mm, h=40mm, L =8 mm  0.15 1050
housing,

Square

IP

Bearing PLA (E/3) b=40mm, h =125mm, L =80mm  0.15 102
housing,

Square

OOP

Bearing PLA (E/3) b=25mm, h =40mm, L = 80 mm 0.15 2101
housing,

Straight

IP

Bearing PLA (E/3) b=40mm, h =25mm, L = 80 mm 0.15 257

housing,

Straight

0]0)

Rod end iglidur J ©10mm solid, L = 30 mm 0.70 72158
(iglidur)

Clamp* PLA @40 mm/30 mm ring, L = 84 mm 0.15 5768
Coupler* PLA @44 mm/30 mm tube, L = 150 mm 1.00 21691

*Effective stiffness includes x 10 factor for steel bolt clamping.
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Table A.3: Compliance breakdown for both configurations, with and without
out-of-plane bearing housing deflection (o = 0 and o = 0.3). Values are total
compliance contributions including joint count multiplier. Percentages are of total

compliance. Measured stiffness included for comparison.

Square (n = 10 joints)

Straight (n = 4 joints)

Component a=0 a=03 a=0 a=0.3
Torsion rod 45.3 % 22.6% 74.8% 59.5 %
Bearing housings 36.3 % 68.3% 12.0% 30.0%
Crank plates 10.2% 51%  6.7% 5.4 %
Clamps 6.6 % 3.3%  4.4% 3.5%
Couplers — —  0.9% 0.7%
Rod ends 0.5% 03% 0.3% 0.3%
Pushrods 1.0% 0.5% 08% 0.7%
Predicted k& (Nmrad ™) 38.2 19.0  63.0 50.1

Measured k& (Nmrad™")

14.5

48.5
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Appendix B
Signals

Remote Torque Transmission for MR-Conditional Haptic Manipulation:
A Torsion-Rod Approach

T.A. Valk
Delft University of Technology, Delft, 2628CD, The Netherlands

This appendiz documents the excitation signals and measurement runs used for
FRF estimation of the Square and Straight-Line Configurations. Signal genera-
tion, the peak-finding procedure, and the FRF computation method are described

in Section IV of the main paper.


t.a.valk@student.tudelft.nl

B.1 Measurement Parameters

This section documents the excitation signal parameters and processing settings for each
measurement run used in the FRF estimation of the Square Configuration and the Straight-
Line Configuration. Run numbers reflect the chronological order of all measurements
taken during the project; non-consecutive numbering indicates runs that were discarded
or repeated. The frequency band column defines the range of the multisine excitation
for that run. Af is the frequency resolution of the multisine, determining the spacing
between excited frequencies. The PSD band column defines the frequency range within
which peaks were searched in the sensor 0 spectrum. Despiking indicates whether the
spike-removal filter was applied to the input signal (X), output signal (Y), both (XY),
or neither. The prominence threshold P, is the per-run value used in the peak-finding

algorithm, as described in Section IV of the main paper.

B.2 Signals: Square Configuration

Table summarizes the measurement parameters for each run of the Square Con-
figuration. Five runs were conducted, covering the frequency range 0.5 Hz to 20Hz in
overlapping bands. Signal amplitude and gain were increased for higher-frequency runs
to compensate for reduced actuator authority. Despiking was applied to the input signal

in runs 79 and 80, and to the output signal in run 74.

Table B.1: Signal parameters for the Square Configuration measurement runs.
Af = 0.5Hz. Proprio stiffness setting = 70/600.

Run Freq. band (Hz) PSD band (Hz) Signal Amp. Gain Despiking P, (dB)

26 0.5-10 0-13 500 15 — 42
79 9.5-12.5 11.5-16 5000 3 X 20
80 12-15 14.5-19 5000 6 X 15
73 15-17.5 18-23 5000 10 X 15
74 17-20 21-26 5000 10 Y 15

Despiking notation: X = input signal despiked; Y = output signal despiked.
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B.2.0.1 Run 56 (0.5Hz to 10 Hz)
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Figure B.1: Weighted input spectrum, run

56.
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Figure B.3: Weighted time signal, run 56.
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Figure B.5: Measured FRF, run 56 (0.5Hz to 10 Hz).




B.2.0.2 Run 79 (9.5Hz to 12.5 Hz)
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79. Detected peaks indicated.
15 ﬂ n
10 ” ﬂ H
[} 57 q =
e [J]
2 ]
35 07 9
(o))
. 2
i
u u U U -5 = angWo0_deg
—-15 - angW1_deg
T T T T T T T T T T T T T T
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 0 10 20 30 40
Time (s) Time (s)
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Figure B.10: Measured FRF, run 79 (9.5 Hz to 12.5 Hz).
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B.2.0.3 Run 80 (12Hz to 15 Hz)
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Figure B.11: Weighted input spectrum,
run 80.
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B.2.0.4 Run 73 (15Hz to 17.5 Hz)
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2.0.5 Run 74 (17Hz to 20 Hz)
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Figure B.23: Weighted time signal, run 74.

Phase (deg) Magnitude (dB)

Coherence

Amplitude
o
1

run 74.

40

20 1

—-20 -

—40 -

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Time (s)

10t
10°
10 4§

1072 o |

1074

PSD (deg?/Hz)

1075
1076

1077

10-3 4 e

FFT input
21-26 Hz
Peaks (n=7)

10 20 30
Frequency (Hz)

40 50

Figure B.22: PSD of input signal, run 74.
Detected peaks indicated.

20 1

15

10 +

Angle (deg)

—-10 —

—15

— angWo0_deg
- angW1_deg

10 20
Time (s)

30 40

Figure B.24: Raw time signals (input and
output), run 74. Output despiked.

o
|
|
|
i
i
'
1
|
i
'
|
1
|
i
'
|
1
'
'
|
|
i
|
'
1
I
T
'
'
|
|
i
1
T
i
i
|
I
T
i
|
1
+
i
|
1
+
i
L
1
|
I
T
1
+
1
|
|
|
|
1
i
i
|
|
i
i
|
|
|
|
T
|
1
i
i
'
|
1
i
1
-
H
i
1
'
!
H
1
|
'
1
1
¥
V
i1
|
1
\
1
¢
I
T
I
1
T
'
1
T
1
1
+
i
'
1
r
'
H
¥
i
i
I
|
|
i
1
1
+
H
}
i

|

]

S
L

® Selected points
=== -3.dB

|

IS

S
L
'

-

o

5}
L

)

|
=
1)
=)
L

e v
S o
G S
L

0.50 A

o

N

]
L

o
o
5}

T
10°

=
15}
d

Frequency (Hz)

Figure B.25: Measured FRF, run 74 (17 Hz to 20 Hz).



B.2.0.6 Combined FRF
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Figure B.26: Combined FRF of the Square Configuration, assembled from runs 56, 79,
80, 73, and 74. The FRF fit identifies a resonance at f..s = 15.01 Hz and predicts a
—3dB bandwidth of 24.11 Hz.
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B.3 Signals: Straight-Line Configuration

Table summarizes the measurement parameters for each run of the Straight-Line Con-

figuration. Twelve runs were conducted, covering the frequency range 0.5 Hz to 37.5 Hz in

overlapping bands. Signal amplitude was increased for runs above 24.5 Hz to compensate

for reduced actuator authority at higher frequencies. Both input and output signals were

despiked in all runs. Run 95 used a frequency resolution of Af = 0.25Hz; all other runs
used Af = 0.5Hz.

Table B.2: Signal parameters for the Straight-Line Configuration measurement runs.
Af = 0.5Hz except run 95 (Af = 0.25Hz). Proprio stiffness setting = 200/600.

Run Freq. band (Hz) PSD band (Hz) Signal Amp. Gain Despiking P, (dB)
85 0.5-10 0-13 500 15 XY 42
88 9.5-12.5 11.5-16 5000 15 XY 50
89 12-15.5 14.5-19 5000 15 XY 15
92 15-17.5 18.5-22 5000 15 XY 15
95 17-21 21-26 5000 15 XY 15
96 19.5-22.5 24-28.5 5000 15 XY 15
97 22-25 27-31.5 5000 15 XY 30
100 24.5-27.5 30.5-34.5 20000 15 XY 15
102 27-30 33.5-38 20000 15 XY 15
103 29.5-32.5 36.5—41 20000 15 XY 30
105 32-35 40-43 30000 15 XY 15
107 34.5-37.5 42.5-47 30000 15 XY 15

Despiking notation: X = input signal despiked; Y = output signal despiked.
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Figure B.29: Weighted time signal, run 85.
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B.3.0.2 Run 88 (9.5Hz to 12.5 Hz)
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Figure B.34: Weighted time signal, run 88.
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B.3.0.3 Run 89 (12Hz to 15.5 Hz)
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Figure B.37: Weighted input spectrum, Figure B.38: PSD of input signal, run 89.
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Figure B.39: Weighted time signal, run 89. Figure B.40: Raw time signals (input and
output), run 89. Both signals despiked.

10 A

””””””””””””””” AR A A AN R 740 A A A AR LMATATF T, 117

H
®  Selected points
---- -3dB

Magnitude (dB)
I

8 5 o
P

~30 4

-

o

5}
L

Phase (deg)
°
|
!
i
i

=100 4

e v
S o
G S
L

0.50 A

Coherence

o
N
&

L

Y

[}
o
©

o
o
5}

T T
10° 10t
Frequency (Hz)

=
15}
d

Figure B.41: Measured FRF, run 89 (12 Hz to 15.5 Hz).
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B.3.0.4 Run 92 (15Hz to 17.5 Hz)
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Figure B.42: Weighted input spectrum,
run 92.
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Figure B.44: Weighted time signal, run 92.

—— FFT input
102 A 18.5-22 Hz

V Peaks (n=6)
10° 4 'lm

102

PSD (deg?/Hz)

0 10 20 30 40 50
Frequency (Hz)

Figure B.43: PSD of input signal, run 92.
Detected peaks indicated.
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Figure B.45: Raw time signals (input and
output), run 92. Both signals despiked.

00
@ 0
z
v -10
3
2 204 H
Ed ® Selected points
= -309 -~ -3dB
5 100
L7
h)
Py 0
o]
@
<
& -100
1.00 e~
8 075
1]
@ 050
<
o
O o025 V> =09 |
0.00 -

100

-
15}
i

10t

Frequency (Hz)

Figure B.46: Measured FRF, run 92 (15 Hz to 17.5Hz).
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B.3.0.5 Run 95 (17Hz to 21 Hz)
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Figure B.47: Weighted input spectrum,
run 95.
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Figure B.49: Weighted time signal, run 95.
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Figure B.48: PSD of input signal, run 95.
Detected peaks indicated.
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Figure B.50: Raw time signals (input and
output), run 95. Both signals despiked.
Af =0.25Hz.

1 |
)
S o o
L L

® Selected points
---- -3dB

Magnitude (dB)

= |
S 2
3 3
L |

Phase (deg)
°

|
=
1)
=)
L

e v
S o
G S
L

0.50 A

Coherence

o

N

]
L

o
o
5}

T
10°

-
15}
d

T
10t

Frequency (Hz)

Figure B.51: Measured FRF, run 95 (17 Hz to 21 Hz).
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B.3.0.6 Run 96 (19.5Hz to 22.5 Hz)
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Figure B.52: Weighted input spectrum,
run 96.
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Figure B.54: Weighted time signal, run 96.
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Figure B.53: PSD of input signal, run 96.
Detected peaks indicated.

50 4 = angWO0_deg
- angW1_deg

pretes

40 |
30

20 1

Angle (deg)

10

—-10 —

0 10 20 30 40
Time (s)

Figure B.55: Raw time signals (input and
output), run 96. Both signals despiked.
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Figure B.56: Measured FRF, run 96 (19.5Hz to 22.5 Hz).
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B.3.0.7 Run 97 (22 Hz to 25 Hz)
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Figure B.57: Weighted input spectrum,
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Figure B.59: Weighted time signal, run 97.
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Figure B.58: PSD of input signal, run 97.
Detected peaks indicated.
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Figure B.60: Raw time signals (input and
output), run 97. Both signals despiked.
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Figure B.61: Measured FRF, run 97 (22 Hz to 25 Hz).
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B.3.0.8 Run 100 (24.5Hz to 27.5 Hz)
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Figure B.62: Weighted input spectrum,
run 100.
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Figure B.64: Weighted time signal, run
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Figure B.63: PSD of input signal, run 100.

Detected peaks indicated.
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Figure B.65: Raw time signals (input and

100. output), run 100. Both signals despiked.
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Figure B.66: Measured FRF, run 100 (24.5Hz to 27.5 Hz).
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B.3.0.9 Run 102 (27 Hz to 30 Hz)
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Figure B.67: Weighted input spectrum,
run 102.
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Figure B.69: Weighted time signal, run
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Figure B.68: PSD of input signal, run 102.
Detected peaks indicated.
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Figure B.70: Raw time signals (input and

102. output), run 102. Both signals despiked.
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Figure B.71: Measured FRF, run 102 (27 Hz to 30 Hz).
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B.3.0.10 Run 103 (29.5Hz to 32.5 Hz)
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Figure B.72: Weighted input spectrum,
run 103.
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Figure B.74: Weighted time signal, run
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Figure B.73: PSD of input signal, run 103.
Detected peaks indicated.
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Figure B.75: Raw time signals (input and

103. output), run 103. Both signals despiked.
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Figure B.76: Measured FRF, run 103 (29.5Hz to 32.5 Hz).
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B.3.0.11 Run 105 (32 Hz to 35 Hz)
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Figure B.77: Weighted input spectrum,
run 105.
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Figure B.78: PSD of input signal, run 105.
Detected peaks indicated.
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Figure B.80: Raw time signals (input and

105. output), run 105. Both signals despiked.
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Figure B.81: Measured FRF, run 105 (32 Hz to 35 Hz).

B-20




B.3.0.12 Run 107 (34.5Hz to 37.5 Hz)
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Figure B.82: Weighted input spectrum,
run 107.
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Figure B.83: PSD of input signal, run 107.

Detected peaks indicated.
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Figure B.85: Raw time signals (input and

107. output), run 107. Both signals despiked.
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Figure B.86: Measured FRF, run 107 (34.5 Hz to 37.5 Hz).
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B.3.0.13 Combined FRF
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Figure B.87: Combined FRF of the Straight-Line Configuration, assembled from runs
85, 88, 89, 92, 95, 96, 97, 100, 102, 103, 105, and 107. The FRF fit identifies a resonance
at fres = 27.51 Hz and extrapolates a —3 dB bandwidth of 46.90 Hz. The —3 dB crossing

lies beyond the measured frequency range; the reported bandwidth is a model

extrapolation.
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