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Abstract—Stroke is a leading cause of long-term disability
and frequently results in upper-limb motor impairments that
reduce manual dexterity and quality of life. Robotic assessment
systems have been developed to provide objective quantification
of these impairments; however, their high cost limits accessibility,
particularly in low- and middle-income countries where the ma-
jority of stroke cases occur. This thesis investigates the feasibility
of implementing admittance control in an ultra-low-cost haptic
device intended as a hand-module extension for robotic stroke
assessment. A single-degree-of-freedom haptic paddle was devel-
oped using widely available components and a total hardware
budget below €50. The device incorporates force and position
sensing, a DC motor actuation system, and an Arduino-based
control architecture. An admittance controller was implemented
to render programmable virtual inertia, damping, and stiffness,
while a PID position controller provided motion tracking. System
performance was evaluated through step-response, frequency-
response, and position-tracking experiments involving human
interaction. The developed device successfully achieved stable
admittance-controlled interaction and is capable of rendering
a range of virtual dynamic environments. Experimental results
demonstrated accurate position tracking, consistent rendering
of virtual dynamics, and stable operation despite the sensing,
bandwidth, and actuation limitations associated with low-cost
hardware. The system is capable of reproducing meaningful
changes in virtual inertia, damping, and stiffness while maintain-
ing user controllability and interaction stability. These findings
demonstrate that admittance control is feasible on an ultra-low-
cost haptic platform. The proposed design provides a promising
foundation for affordable rehabilitation and assessment technolo-
gies and supports the development of accessible robotic tools for
objective evaluation of post-stroke motor impairments.

Index Terms—Admittance Control, Rehabilitation Robotics,
Haptic Devices, Human-Robot Interaction, Stroke Assessment

I. INTRODUCTION

Each year, approximately 11.9 million people worldwide
experience a stroke, making it one of the leading causes
of death and long-term disability globally [1]]. Beyond its
clinical impact, stroke imposes a substantial societal burden,
with global costs estimated at 912 billion USD in 2017 and
projected to rise to 1.6 trillion USD by 2050 [/1]].

Stroke often results in a range of motor impairments, includ-
ing paresis, abnormal synergies, co-contraction, spasticity, and
altered viscoelastic tissue properties [2]. In addition, sensory
impairments may occur, such as loss of touch, temperature,
pain, and proprioception [3]. These impairments significantly
affect quality of life, particularly by reducing manual dexterity
of the affected arm, which limits the ability to perform daily
tasks involving hand use [4].

To assess these impairments in clinical practice, several
standardized evaluation methods are commonly used. Com-
mon assessment tools, such as the Modified Tardieu Scale, the
Modified Ashworth Scale, and the Fugl-Meyer Assessment,
have several limitations, including high inter-rater variability,
limited validity, and a lack of detailed information due to their
ordinal scoring systems [5]. As a result, these assessments
may lack sensitivity to subtle changes in motor function
and may fail to distinguish between underlying impairment
mechanisms.

The implementation of objective measurement systems may
enable the acquisition of more reliable, quantitative, and
comparable data across patients and clinical settings [6].

Several robotic quantification methods have been introduced
to enhance existing clinical assessment instruments for upper-
limb motor impairment [7]-[12]. At the Biomechatronics
Laboratory in Delft, ongoing research is conducted using the
Shoulder—Elbow Perturbator (SEP). This device is designed
to classify the four primary elbow impairments observed in
patients after stroke and to differentiate impairment scores of
patients from those of healthy controls [5]. The SEP employs
an admittance controller, enabling switching between free
movement and precise perturbation velocity profiles [[13].

Despite its demonstrated value, the SEP has two key limi-
tations that restrict its broader applicability. First, the system
is expensive, with an approximate hardware cost of €20.000,-
, which limits its accessibility in primary-care in low- and
middle-income countries. Second, the SEP primarily focuses
on shoulder and elbow dynamics, which limits its ability to
capture multi-joint coordination patterns, such as pathological
synergies involving the hand and wrist. As a result, the current
configuration only partially characterizes the complex motor
impairments observed after stroke.

Approximately 77% of stroke cases occur in low- and
middle-income countries [1], where access to advanced reha-
bilitation technologies is often limited by financial constraints.
Consequently, the development of cost-effective systems is
essential to improve accessibility and scalability of rehabilita-
tion technologies. In addition to enhancing the understanding
of motor impairments, such systems could be integrated into
rehabilitation programs to reduce the physical burden on
clinicians and potentially lower overall healthcare costs [[14].

Further optimization of the system is therefore required
to enable robust assessment of these synergies. In line with
ongoing efforts to make the SEP more cost-effective and thus
more widely accessible, additional developments are being



pursued to expand its measurement capabilities. At present,
the SEP lacks a dedicated hand module, which limits its
ability to capture the multi-joint interactions that contribute
to pathological synergies. To address these limitations, this
thesis investigates the feasibility of implementing admittance
control in an ultra-low-cost haptic device designed to extend
the SEP with a hand module.

Replacing high-end components with low-cost alternatives
introduces several technical challenges, including increased
time delay, higher measurement noise, reduced sensor accu-
racy, drift in force measurements, and limited encoder resolu-
tion. These factors can degrade system dynamics and compro-
mise the stability and reliability of human—robot interaction.
Therefore, it is essential to evaluate their impact on control
performance. In addition to cost, component availability is a
key consideration, as the system should be reproducible using
widely accessible parts.

To ensure safe and effective interaction with the user, the
device must render controlled mechanical environments while
remaining compliant. Admittance control is adopted for the
hand module, as it enables compliant and stable interaction
while allowing controlled perturbations to be applied. This
makes it well suited for safe human-robot interaction and for
provoking neuromechanical responses required to characterize
motor impairments.

To determine whether the low-cost system can deliver stable
human-robot interaction and render meaningful dynamics,
standardized interaction tasks are required. Such tasks are
widely used to evaluate haptic devices and human motor
control. Two relevant examples are pick-and-lift tasks and
position-tracking tasks, which together probe force regulation,
motion control, and coordination. Pick-and-lift tasks assess
how users modulate grip and load forces in different situations
[I5]—[17]. In these tasks, participants are asked to lift varying
apparatus weighing up to 400 grams anywhere between 20
- 40 cm. Whereas position-tracking tasks evaluate accuracy
and stability when following or maintaining a target trajectory
under varying dynamic conditions [7], [[18]. Because these
tasks yield repeatable, quantitative metrics, they are well
suited for assessing both human-robot interaction quality and
controller performance.

These considerations motivate the exploration of low-cost
alternatives to existing robotic systems. In particular, it is of
interest to investigate whether advanced control strategies can
be implemented on affordable hardware platforms.

This motivates the central research question of this thesis:

Is admittance control feasible in an ultra-low-cost
haptic device?

Based on this objective, the development of a low-cost
haptic device must satisfy the following requirements:

o The device shall be capable of exerting up to 4 N of
interaction force.

e The device shall provide a minimum vertical motion
range of 30 mm.

o The system shall support admittance control to render
virtual dynamics.

o The total system cost shall not exceed 50 euros.

o Components shall be widely available to ensure repro-
ducibility.

o The device shall be capable of simulating varying mass,
damping, and stiffness.

II. BACKGROUND
A. Shoulder Elbow Perturbator

The SEP is designed to apply controlled perturbations to the
elbow joint in the horizontal plane while providing adjustable
shoulder support. During operation, the elbow joint of the
participant is aligned with the rotational axis of the device,
and the forearm is fixed near the wrist to ensure an accurate
transmission of motion and torque between the participant and
the system. The SEP can seamlessly switch between admit-
tance and velocity control modes, enabling both compliant
interaction and precisely controlled movements required for
stroke-related motor assessments.

The SEP implements admittance control to realize pro-
grammable virtual dynamics during human—robot interaction.
The controller utilizes the measured interaction torque, elbow
angle, and angular velocity as input variables. Based on these
measurements and predefined virtual parameters, including
disturbance torque, virtual mass, stiffness, and damping, the
system computes the desired angular acceleration. The com-
puted acceleration is subsequently integrated to obtain the
desired angular velocity, which serves as the reference input
for the velocity controller. This enables the SEP to reproduce
configurable dynamic behaviors and controlled perturbations
during elbow movement experiments.

The SEP uses the desired angular velocity as the input to the
velocity controller, independent of external loading from the
combined dynamics of the participant’s arm and the device.
A velocity servo controller is tuned to track this reference by
generating the required motor torque. Angular position and
velocity are continuously measured by an encoder for both
control and post-processing analysis.

B. Admittance vs Impedance

Both admittance control and impedance control offer dis-
tinct advantages and limitations. Impedance control simu-
lates compliant interaction effectively but struggles to render
high stiffness. It relies on low-inertia, highly backdrivable
actuators for accurate force reproduction [19], [20]. Admit-
tance control can render high stiffness but is less suited
for compliant interaction and is sensitive to sensor noise,
delays, and force-measurement errors [19]], [20]. However,
with appropriate hardware and controller design, admittance
control can achieve fine compliant behavior, making it well
suited for precise perturbations.

In the context of post-stroke rehabilitation, the investigation
of motor synergies requires accurate measurement of fine



Fig. 1: Overview of the Shoulder Elbow Perturbator (SEP). The
participant’s forearm is attached to the lever arm, while the el-
bow joint is aligned with the motor rotation axis to enable con-
trolled perturbations. Source: https://hankamprehab.nl/de-schouder-
elleboog-perturbator-sep/

and coordinated movements under varying conditions. This
necessitates a controlled and compliant interaction environ-
ment that can respond sensitively to small user inputs. Such
an environment is typically realized through a “soft” virtual
dynamic, allowing safe and intuitive interaction between the
user and the device.

Admittance control is particularly suitable for this purpose,
as it enables the system to generate motion in response to
user-applied forces. This allows the implementation of virtual
dynamics—such as mass, damping, and stiffness—which can
be tuned to study motor behavior under different conditions.

C. Hapkit

Building on the need for affordable extensions to existing
rehabilitation devices, it is relevant to investigate whether a
low-cost hand module can be developed without significantly
compromising performance. Figure [2] shows a well-known
example of an affordable haptic system called the Hapkit. It
is a low-cost, open-source kinesthetic haptic device originally
developed for educational purposes [21]]. The hardware com-
ponents required for the Hapkit typically range between 50
and 100 USD [22], making it an attractive platform for rapid
prototyping and research. The system is typically implemented
using impedance control, where a prescribed motion results in
the generation of an interaction force [21].

More advanced implementations have extended the capabil-
ities of such systems. For example, ETH Zurich developed an
admittance-controlled variant incorporating a Maxon brushed
DC motor (type RE 25339156), a custom linear current
amplifier, a piezoresistive force sensor, and a regulated lab-
oratory power supply [23]]. While these components improve
performance, they significantly increase system cost. Notably,
the motor alone costs approximately 270 euros, highlighting
the trade-off between performance and affordability.

Fig. 2: The first iteration of the Hapkit prototype. This ver-
sion features a laser-cut structural frame, with a DC motor
driving the handle through a friction-based wheel interface. A
custom-designed PCB provides motor control and signal processing.
Source: https://hapkit.stanford.edu/build.html

III. METHOD
A. Mechanical Design

The developed hand module is based on the Hapkit plat-
form [21]. In contrast to the original Hapkit design, which
is oriented vertically, the proposed hand module is rotated
by 90 degrees to enable vertical movement of the handle.
Additionally, a force sensor is integrated between the grip
interface and the main axle to enable admittance control.
A representation of the hand module is shown in Figure [3]
The device provides a single degree of freedom, and during
operation the participant interacts with the distal end of the
handle using a pinch grip. The module allows controlled
upward and downward movements to facilitate the evaluation
of precise motor control during tracking tasks.

As shown in Figure fa the capstan is mounted directly onto
the DC motor shaft, while the DC motor itself is fixed to the
drive mount. The angle encoder is also attached to the drive
mount and aligned coaxially with the capstan, additionally a
magnet is placed at the end of the capstan as shown in 4]
The capstan is actuated by the DC motor and connected to
the handle drum via a nylon fishing line. The line is wrapped
five times around the capstan. With each additional wrap, the
effective friction coefficient increases exponentially, resulting
in a transmission with negligible backlash. An additional
advantage of this configuration is its low operational noise.

Both ends of the nylon line are secured to the sides of the
handle drum using serrated flange nuts and bolts. The drive
mount can be adjusted to minimize the distance between the
capstan and the handle drum, thereby optimizing the transmis-
sion geometry. The handle drum and the distal tip of the handle
are mechanically connected through a load cell, enabling force
measurement. The entire handle assembly rotates about an axle
aligned with the DC motor shaft. Mechanical end stops are



Fig. 3: Redesigned Hapkit system with color-coded components: base
(purple), handle (blue), bearings (yellow), DC motor (cyan), Encoder
& motor bracket (green), capstan (red), and load cell (orange).

(b) Close up capstan drive and
magnet

(a) Capstan drive

Fig. 4: The capstan drive for the hand module.

implemented by inserting a bolt into the center of the drum.
A slot in the drum constrains the handle rotation.

The capstan must provide sufficient space to accommodate
the diametrically magnetized magnet supplied with the en-
coder. This magnet has a diameter of 5 mm. To allow for
proper installation and removal during assembly and mainte-
nance, a minimum capstan diameter of 10 mm is required.
Therefore, the capstan radius was set to 7. = 5 mm.

A micro load cell with a rated capacity of 0.78kg was
selected as the smallest and most cost-effective option for mea-
suring forces up to 4 N. Its 45.2mm body length, combined
with a 10 mm integration allowance on each side, resulted in
a required handle radius of r;, = 65 mm.

The drum radius was selected to ensure full use of the
7.65N measurement range of the micro load cell. Solving
equation [7) for r4 using the parameters defined above yields a
drum radius of r; = 82.4 mm.

To achieve a vertical displacement of 30 mm, the required
rotation angle « is calculated using equation [I] resulting in an
operating range of a = 26.7°.

« = arctan <L) (@))]
27’h

To ensure that the capstan motion remains within the
physical limits of the drum, a safety margin of § = 3.2°
was applied on both sides. The corresponding derivation is
provided in Appendix [VII-A] Including this margin yields a
total drum angle of v = 33.2°.

@

Fig. 5: Kinematic diagram of the hand module. The module is
modeled as two rigid bodies rotating in contact without slipping.
Here, xy, represents the handle position, ry, the radius of the handle,
r4 the radius of the drum, r. the radius of the capstan, 0 the capstan
angle, and 1) the handle angle.

Figure [5] shows that the Hapkit is modeled as two rigid
bodies: the paddle and the capstan. These bodies roll in contact
with each other, and it is assumed that no slipping occurs
between them. Since the motion of the system is driven by the
capstan and its angle is measured, the handle displacement z;,
can be expressed as a function of the capstan angle 6.

Th = TRy ()

rel = rgp 3
Combining these expressions yields

TcTh

0 @

Tp =
Td

When analyzing the free-body diagram shown in Figure [6]
the relationship between the force exerted on the handle and
the torque applied by the DC motor can be derived. The force
that is applied by the user Fj;f;, can be determined into Fj; r4,
by vector addition. By substituting 7, from Equation [5] into
Equation |§|, the relationship between the handle force Fi; ¢y
and the motor torque is obtained, as shown in Equation [7}

T T
ﬁzfz% o)
C
_
Flifry = f (6)
T,
Flipey = —L @)

ThTc
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Fig. 6: The free body diagram of the hand module. The diagram
specifies the force components at points a, b, and c. The lift force of
the user Fiiri and the decoupled components Fig, Finy. The drum
force Fy. The reaction forces in point b Fy,, Fy,. The reaction froces
in point ¢ Fey, Fey. The position vectors Ty, rq, and r. denote the
corresponding moment arms used to compute the torques T, and Ty.

With the parameters defined above, the hand module
achieves a vertical travel of 30 mm and a maximum output
force of 7.65 N, where r. = 5 mm, r4 = 82.4 mm, and
rp = 65 mm.

B. Hardware

The control platform is implemented on an Arduino Uno R3
operating at 16 MHz, with USB serial communication used
for external interfacing and data logging. This microcontroller
is theoretically capable of sustaining interrupt frequencies in
the order of several tens of kHz under minimal computational
load, practical performance is constrained by processing over-
head and serial communication latency, which can introduce
delays on the order of milliseconds depending on baud rate
and data throughput. These effects contribute to phase lag and
timing jitter within the control loop, which can negatively
affect the stability and transparency of the admittance con-
troller, particularly in high-stiffness or low-damping virtual
environments.

The actuation system consists of a 12 V DC motor driven
by an L298N H-bridge driver. The L298N introduces a sig-
nificant voltage drop of approximately 1.5 V-2.5 V due to its
bipolar transistor structure, reducing effective torque output
and linearity. The PWM switching frequency is typically in
the range of 1-20 kHz; however, motor response is dominated
by mechanical dynamics rather than electrical switching. The
DC motor itself exhibits cogging and dead zone. Since cogging
torque and low-speed nonlinearities are typically not specified
for low-cost brushed DC motors, actuator selection was based
on experimental evaluation rather than datasheet comparison.
Multiple locally available motors were qualitatively assessed
for rotational smoothness and perceived cogging behavior,
resulting in the selection of the Velleman MOT3N. Although
the Hapkit platform recommends the Mabuchi RF-370CA-
15370 motor for haptic applications, this actuator was not
locally available within the required project timeline.

Position feedback is provided by an AS5600 magnetic
rotary encoder with a nominal 12-bit resolution, corresponding

to an angular step size of approximately 0.087°. Although this
is a high angular resolution, practical accuracy is reduced by
magnetic alignment tolerances and mounting conditions. The
sensor communicates via I2C with clock rates up to 1 MHz;
however, the effective update frequency is typically limited
to approximately 500-1000 Hz, depending on bus load and
polling strategy. This introduces discretization noise and minor
delay in velocity estimation, particularly at low-speed motion.

The force measurement consists of a 0.78 kg strain gauge
load cell combined with an HX711 24-bit amplifier. The
load cell exhibits typical nonlinearity £0.05% FS, hysteresis
+0.05% FS, non-repeatability +0.05% FS, and creep 0.1%
FS/30 min, corresponding to sub-gram level deviations in
practice. In addition, thermal sensitivity on the order of 0.05%
FS/10°C introduces slow-varying drift in the force baseline
[24]. The HX711 further has its fixed output data rates of 10
Hz and 80 Hz, where the higher sampling mode increases
measurement noise to the order of several least significant
counts, reducing force signal smoothness at higher band-
widths. As a result, the effective force measurement bandwidth
remains below 80 Hz, with observable low-frequency drift and
quantization noise. To achieve 80 Hz, some modifications are
required to the HX711 amplifier. It is necessary to disconnect
pin 15 from the PCB and connect it directly to pin 16.

Overall, the combined system exhibits a deviation in sens-
ing, actuation, and control bandwidths: force sensing is limited
to 80 Hz, position sensing operates up to approximately 1 kHz,
and control execution is constrained to a few kilohertz. An
overview of the hardware, timing, and costs can be found in
Table [

C. Software

The control system for this module is implemented using
a combination of Arduino-based embedded control and
Python-based data processing and real-time interface.

1) Arduino: The Arduino firmware is structured around
a real-time interrupt-driven architecture. A hardware timer
(Timer2) triggers the control loop at 1 kHz, in which the
following steps are executed:

o Computation of the admittance reference signal.
o Execution of the PID controller.
e Motor actuation via PWM and direction pins.

Sensor acquisition is handled in the main loop at lower rates,
where the encoder is set to sample at 1 kHz and the load cell at
100 Hz. The encoder signal is processed to obtain a continuous
angle, and numerical differentiation is used to estimate angular
velocity and acceleration.

The admittance controller is implemented as a discrete-time
second-order system, where the input torque is computed from
the measured force. The system states are updated using semi-
implicit Euler integration. A clamping strategy is applied to
the admittance dynamics to prevent wind-up behavior.

The PID controller comprises proportional, integral, and
derivative terms, with optional filtering applied to the deriva-



TABLE 1: Overview of components and corresponding hardware used in the hand module.

Component Hardware (Model / Brand)  Frequency / Timing Cost (€)
Microcontroller Arduino UNO v3 10.000 Hz 9.50
Motor Driver L298N Motor Driver Module =~ N/A 5.00
Angle Encoder AS5600 Magnetic Encoder 1000 Hz 3.00
Load Cell 0.78 kg Micro Load Cell N/A 5.00
Load Cell Amplifier ~HX711 10 Hz / 80 Hz 2.00
DC Motor Velleman MOT3N DC Motor N/A 2.00
Bearings KFL8 bearing axle-mount N/A 5.00
Wiring Jumper cable set N/A 1.50
Bolts and nuts Assorted fasteners N/A 3.00
Power Supply 12 V 3 A adapter N/A 5.00
tive action. A conditional anti-windup mechanism is included 7, B B udom . 0

to prevent integrator saturation.

To facilitate analysis, all relevant variables (angle, target,
PWM, velocity, acceleration, and PID terms) are packed into
a binary log structure and set to be transmitted at 250 Hz.

During the admittance tasks, the main loop, encoder, force
sensor, and logger operate at sampling rates of 1000 Hz,
726 Hz, 76 Hz, and 222 Hz, respectively.

2) Python: The Python software is structured around
real-time data acquisition, visualization, and offline post-
processing. Serial communication is established with the
Arduino-based controller at 250000 bps, where binary data
packets are continuously received, decoded, and stored for
analysis.

A graphical user interface (GUI) is implemented using the
tkinter library to provide real-time task instructions and
visual feedback to the participant. A state-machine architecture
is used to control the different experimental phases, including
hold and movement tasks, while simultaneously updating the
live visualization and logging data.

Offline processing and visualization were performed using
NumPy, SciPy, and Matplotlib. Depending on the experimental
mode, the analysis included frequency-response estimation,
filtering, coherence analysis, force reconstruction, and step-
response characterization. Performance metrics such as gain
and phase margins, cutoff frequency, rise time, settling time,
overshoot, and root-mean-square error (RMSE) were calcu-
lated to evaluate system behavior and controller performance.

D. Control Scheme

The hand module is controlled using an admittance control
strategy. This consists of a position control loop combined
with a virtual dynamics model. Together, these components
form the admittance controller, where interaction forces are
translated into desired motion, which is subsequently tracked
by the position controller.

1) Admittance Control: The admittance controller, shown
in Figure [/| takes the external torque as its input, which is
derived from the geometric relationship between the handle
and the force measured by the micro load cell. Based on the
selected virtual inertia, damping, and stiffness parameters, the
controller imposes a set of virtual dynamics that define the
system response in terms of angular acceleration, velocity, and
position.

O O 1 |—>| 1/s 1/s

BI:
[

KI:
L

PID |——>

External Load |«
Fy

Fig. 7: Block diagram of the admittance control architecture. The
measured external force Fi;z, is converted into an interaction torque
To through the geometric relation (GR). This torque is used to
compute the virtual dynamics defined by the inertia J, damping B,
and stiffness K parameters. The resulting admittance acceleration
Qadm is integrated twice to obtain the desired admittance velocity
Oadm and position Oqqrm. This desired position serves as the reference
input for the PID position controller, which drives the system to
produce the actual angle 0.

The virtual dynamics are given in Equation [8] where the
admittance acceleration is computed from the applied torque
and the selected virtual parameters. By integrating the resulting
acceleration twice, the admittance angle is obtained, which
represents the desired reference motion of the system. This
reference is subsequently provided to the PID position con-
troller.

To — Badmoadm -
Jadm

Kadm,gadm

®)

aadm =

With admittance control, there is a possibility that the cal-
culated admittance angle 6,4, exceeds the physical operating
range of the mechanism. When this occurs, the system is
driven against its mechanical limit and remains there until
Ouam returns to a value within the allowable range. This
behavior can result in a sticky or sluggish sensation near the
maximum and minimum angles of motion.

To mitigate this effect, a clamping mechanism is incorpo-
rated into the admittance control loop. The admittance state is
constrained according to:

(9 0 ) _ (97na17 0)7 if eadm > Omaz N éadm >0 (9)
adm, adm (eminv 0)7 if aadm < Gmin A eadm <0

Under these conditions, the virtual dynamics are halted in
the constrained direction, thereby preventing windup at the



motion boundaries. Normal admittance behavior resumes once
the system motion reverses toward the admissible operating
range. This strategy preserves controller responsiveness while
ensuring compliance with the physical limits of the system.

2) Position Control: Position control is implemented using
a PID controller, which is responsible for tracking a desired
target angle. The controller continuously compares the target
angle 0,4,, with the measured angle 6 to compute a control
error. Based on this error, proportional, integral, and derivative
actions are combined to generate the control signal. This signal
determines how the actuator responds, so that the measured
angle is driven toward the target value. The resulting control
law can be expressed as

de(t)
dt

t
u(t) = Ke(t) + K / e(r)dr + K. (10)
0
For analysis in the frequency domain, Equation [I0] can
be transformed using the Laplace transform. This results
in the following transfer function representation of the PID
controller:

@:Kp+

K.
K K
E(s) - fas

— 1D
s

This representation is used to give a visual understanding
on how the proportional, integral, and derivative terms operate.
Figure [§] illustrates these components, including additional
implementations addressing two practical issues: integrator
windup and the amplification of measurement noise by the
derivative term.

Integrator windup is mitigated using a conditional integra-
tion scheme with active unwinding. When the controller output
saturates, the integral term is prevented from accumulating
error unconditionally. Instead, integration is only performed if
it drives the system out of saturation; otherwise, it is clamped.
This prevents excessive integrator buildup during actuator
limits [25]].

An active unwinding mechanism is incorporated to improve
recovery from accumulated integral error. Because a user
may hold a fixed position and generate sustained error, rapid
correction is required without relying on slow integral decay.
When the integral term opposes the current error, it is driven
toward zero at an accelerated rate. This approach improves
controller responsiveness.

Another aspect that must be considered is the sensitivity of
the derivative term to measurement noise. Since the derivative
term is proportional to the rate of change of the control error,
high-frequency noise in the measured signal can be amplified.
To mitigate this effect, a first-order low-pass filter is applied
to the error signal prior to computing the derivative term. This
reduces the influence of noise while preserving the predictive
behavior of the derivative action.

The actuator model accounts for both minimum and max-
imum PWM limits. In this system, motion starts at a bias of
139 PWM, while the maximum output is 255. To handle this
nonlinearity, the controller output is passed through an inverse

Oaam

Fig. 8: Block diagram of the PID position control system used to
track the desired handle angle. The error between the desired and
measured angle is processed by proportional (K,), integral (K;),
and derivative (Kg4) control actions. A low-pass filter is applied to
the derivative term to reduce noise amplification, while a conditional
integrationscheme with back-calculation prevents integrator windup
when actuator saturation occurs. The resulting control signal drives
the DC motor; and the actual angle is measured using an encoder to
close the feedback loop.

dead-zone before saturation, ensuring consistent behavior over
the full operating range.

E. Controller Tuning

The tuning of the PID controller is performed using the
Ziegler—Nichols method. This method utilizes the system
response to determine suitable controller parameters. The first
step in this procedure is to increase the proportional gain until
the system reaches the point of sustained oscillations. This
gain is referred to as the ultimate gain K. At this point,
the period of oscillation is measured, which is known as the
ultimate period T,.

Using these parameters, the controller gains can be deter-
mined according to the Ziegler—Nichols tuning rules. In this
case, both the proportional and integral terms are required.
The integral term is used to eliminate steady-state error, while
the derivative term provides additional damping to the system.
Since the system is intended to be operated while in contact
with a human hand, the user interaction can be considered as
a source of additional damping. Nevertheless, both PI and PID
controllers are evaluated using the following tuning rules:

K, = 045K,
PI: p=0 5K (12)
K; = 0.54 5
K, = 0.6K,
PID: ({ K; =125 (13)

Kq=0.075K,T,

The system is tuned while accounting for human interaction,
with the user applying a loose pinch grip to the handle. A step
input of 10° (from —5° to +5°) is used, and the proportional
gain is increased in increments of 0.1.

A chirp test is performed to assess stability of the controller.
The chirp input spans 0.1-100 Hz with a 5° amplitude, and its
excitation frequency follows a power-law distribution.



FE. Admittance Evaluation

The admittance controller is evaluated using a position-
tracking task. The experiment begins at 0°, corresponding
to the neutral handle position. Figure [9] shows the graphical
user interface (GUI), which provides instructions and real-
time feedback by displaying the range of motion on the
horizontal bar, the target angle as a vertical bar, and the current
handle angle as an oval marker. The participant follows three
commands: move up, move down, and hold position.

H4O4LSD MOVE UP  MOVE DOWN

(a) Turns red “hold po- (b) Turns green ”move

sition” Mp .

"move (¢) Turns blue
down”.

Fig. 9: At the top of the interface, the available commands are
displayed. Below them, the real-time measured angle is shown, and
at the bottom, the tracking bar is presented. Three commands are
available: hold position, move up, and move down. The tracking bar
indicates the maximum and minimum angle at the top and bottom,
respectively. The horizontal red bar represents the target angle, while
the ellipsoidal marker shows the measured angle and changes color
depending on the active command.

The task consists of four phases:

1) Maintaining 0° for 5 s.

2) Moving to +5° and holding for 5 s.
3) Moving to —5° and holding for 5 s.
4) Returning to +5° for a final 5 s hold.

Accurate rendering of virtual inertia is essential for
admittance-controlled rehabilitation devices because impair-
ment assessments rely on predictable and reproducible interac-
tion dynamics. Therefore, the achievable virtual inertia range
of the proposed low-cost device was investigated.

This is achieved by incrementally increasing the inertia and
assessing stability until the system exhibits unstable behavior
or reaches practical limits. Once this range is identified,
three inertia values—minimum, maximum, and midpoint—are
selected for further evaluation. Each task is repeated five times,
and the resulting angle, angular velocity, angular acceleration,
and moment are plotted. The kinematic variables are obtained
from the virtual dynamics using the measured force as input to
Equation [8] while the theoretical force is computed from the
measured angle €, which is differentiated to obtain angular ve-
locity and acceleration. This enables cross-validation between
measured and theoretical quantities. Additionally, angle error,
moment error, and normalized moment error are summarized

using box plots. The RMSE of the angle and task error is
computed for each 5 s hold segment, and the moment RMSE is
obtained by comparing the calculated and measured moments.
The normalized moment RMSE is computed by dividing the
30 s measurement into multiple 2 s segments and averaging the
absolute maximum force within each segment.

In addition to verifying correct operation of the virtual
dynamics, the system stiffness and damping are also evaluated.
Maximum damping and maximum stiffness are tested in com-
bination with the medium inertia, and the resulting angle and
moment responses are plotted to confirm expected behavior.
Finally, the medium inertia combined with both maximum
damping and maximum stiffness is assessed.

IV. RESULTS
A. PI/PID Step Response

Before evaluating admittance control, the position controller
must be tuned to ensure accurate tracking of the generated
reference trajectory. Therefore, a step-response analysis was
performed to determine suitable controller gains and assess
closed-loop stability.

Figure [T0] shows the system response at the ultimate gain
K, = 4.5. Sustained oscillations occur after the step input,
indicating marginal stability. The reduction in oscillation am-
plitude before the step corresponds to the moment when the
hand engages with the handle, introducing additional damping.
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Fig. 10: Step response of the system at the ultimate gain K, = 4.5,
showing sustained oscillations after the step input. The reduction in
oscillations prior to the step indicates the moment at which the hand
engages in a loose pinch grip, introducing additional damping.
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Fig. 11: Zoomed-in view of the oscillations used to determine the
ultimate period T,, = 0.04 s.



A zoomed-in view of the oscillatory behavior is shown in
Figure [[T} where the oscillation period is measured as T, =
0.04 s.

Both the ultimate gain and the oscillatory period are inserted
into Equation [I2]to determine the PI controller gains, resulting
in K, = 2.025 and K; = 60.75. The corresponding step
response is shown in Figure [I2] Sustained oscillations are
observed after the step input, indicating marginal stability.
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Fig. 12: Step response of the system using PI control, showing sus-
tained oscillations and limited damping. The reduction in oscillations
prior to the step indicates the moment at which the hand engages with
the system.

To ensure that the underlying position controller forms a
stable and responsive inner loop for subsequent admittance-
control experiments, the PID controller was evaluated using
the same tuning procedure. Substituting the measured ultimate
gain and period into Equation @ yields K, = 2.7, K; = 135,
and K; = 0.0135. The resulting step response is shown in
Figure [13]

The system exhibits underdamped behavior, with a rise time
of 0.021 s, an overshoot of 21.9%, and a settling time of
0.165 s. Compared to PI control, the inclusion of the derivative
term reduces sustained oscillations and improves transient
stability. These results indicate that the PID controller provides
sufficient stability and responsiveness to serve as the inner
control loop for the admittance-control experiments.

Step Response
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Fig. 13: Step response of the system using PID control with human
interaction. The response exhibits a rise time of 0.021 s, an overshoot
of 21.9%, and a settling time of 0.165 s.

B. PID Chirp Test

In addition to transient performance, admittance control re-
quires sufficient bandwidth and robustness. Therefore, a chirp

test was performed to characterize the frequency response of
the closed-loop position controller, as shown in Figure [T4} The
response indicates second-order system behavior with a cutoff
frequency of 33.3 Hz, a phase margin of 46.1°, and a gain
margin of 13.2 dB. The coherence remains above 0.9 up to 60
Hz. These margins indicate stable closed-loop behavior with
moderate robustness.
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Fig. 14: Bode plot comparing the original and filtered signals. The
top two panels show the magnitude and the phase, while the bottom
panel shows the coherence. The system exhibits a cutoff frequency
of 33.3 Hz, a phase margin of 46.1°, and a gain margin of 13.2 dB.
The coherence remains above 0.9 up to 60 Hz.

C. Admittance Control

Virtual inertia is a key component of admittance control and
determines how the device responds to user-applied forces.
Therefore, the feasible range of stable virtual inertia values
was first identified before evaluating representative inertia set-
tings in detail. Stable operation is observed between 8.0x 105
and 4.0x10~* kg m?. Outside this range, tracking performance
and controllability degrade.

At the lower bound (7.0 x 1075 kgm?), the system ex-
hibits high sensitivity and oscillatory behavior, as shown in
Figure [T5] Small user inputs generate large accelerations and
moment variations, resulting in oscillations of approximately
2°. While the measured signals follow the target trajectory,
controllability is reduced.
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Fig. 15: System response of the tracking task at a virtual inertia of
7.0x 1075 kg m?, operating below the lower virtual inertia boundary
and exhibiting pronounced oscillatory, sensitivity-driven behavior.
The target angle corresponds to the admittance-computed angle,
evaluated against the measured angle. Angular velocity and angular
acceleration are obtained by differentiating the measured angle once
and twice, respectively. The target moment is computed from the
virtual inertia and the measured angle, while the measured moment
reflects the real-time load-cell output.

At the upper bound (0.005 kgm?), the system exhibits
slower dynamics, as shown in Figure [I6] The target and
measured angles align only briefly before diverging, indicating
that user input dominates the rendered dynamics.

After identifying the feasible operating range, three rep-
resentative inertia values were selected to evaluate the in-
fluence of virtual inertia on system behavior and rendering
performance. These representative inertia values were selected:
Jiow = 8.0 x 107° kgm?, Jniq = 2.04 x 1072 kgm?, and
Jhigh = 4.0 x 1073 kg m?. The corresponding responses are
shown in Figure [T7]

At Jio, oscillations are present but reduced compared to
the lower-bound case. At J,,;q4, oscillations decrease further,
and the system becomes more stable during hold tasks. At
Jhigh» tracking accuracy remains high, although small oscil-
lations reappear. Across all conditions, the measured moment
closely follows the target moment, indicating consistent en-
forcement of virtual dynamics.

While the previous figures provide a qualitative assessment
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Fig. 16: System response of the tracking task at a virtual moment of
inertia of 0.005 kg m?, operating above the upper virtual moment of
inertia boundary and exhibiting reduced tracking performance with
user input predominating the motion. The target angle corresponds
to the admittance-computed angle, evaluated against the measured
angle. Angular velocity and angular acceleration are obtained by
differentiating the measured angle once and twice, respectively. The
target moment is computed from the virtual inertia and the measured
angle, while the measured moment reflects the real-time load-cell
output.

of system behavior, quantitative metrics are required to com-
pare performance across inertia conditions. Therefore, angle
and moment RMSE values were calculated to evaluate tracking
accuracy and virtual-dynamics rendering performance.

The angle RMSE results in Figure [T8] show that tracking
errors remain below 0.6° for all inertia values. At the lowest
inertia, Jy,in, the error is highest and most variable (median
0.57°, IQR 0.53-0.58°, o = 0.091°). Increasing the inertia to
Jmiq narrows the distribution (median 0.42°, IQR 0.39-0.42°,
o = 0.029°). At Jyax, the median error remains low (median
0.41°), though the spread increases again (IQR 0.35-0.47°,
o =0.078°).

Beyond tracking accuracy, it is important to assess how
closely the system follows the intended virtual dynamics.
The moment RMSE values in Figure [T9] increase with virtual
inertia, reflecting the higher torque demands at larger inertia
values. For Jp,i,, the moment error is small but moderately
variable (median 0.0056 Nm, IQR 0.0041-0.0060 Nm, ¢ =
0.0018 Nm). At Jpniq, the median error increases to 0.0081 Nm
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Fig. 17: Comparison of system behavior under low, medium, and high virtual inertia settings during the tracking task. The target angle
corresponds to the admittance-computed angle, evaluated against the measured angle. The target moment is obtained from the virtual inertia
and the measured angle, while the measured moment reflects the real-time output of the load-cell.

with a narrow distribution (IQR 0.0081-0.0083 Nm) and a
similar standard deviation (o 0.0018 Nm). For Jpax,
the moment RMSE increases further (median 0.014 Nm,
IQR 0.013-0.014 Nm), while the variability decreases (o =
0.0006 Nm).

Since the absolute moment RMSE naturally increases with
virtual inertia, the errors were normalized by the applied
inertia to better interpret their relative magnitude. The normal-
ized results in Figure @ show that J,;;, = 0.00008 exhibits
the largest relative error (median 29.3%, IQR 19.7%-30.9%,
o = 10.9%). At Jmiq = 0.0020, the normalized error decreases
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substantially (median 13.6%, IQR 13.4%-13.9%, o = 1.4%).
For Jyax = 0.004, the normalized error increases slightly
(median 14.5%, IQR 13.9%-14.7%, o = 1.30%), though it
remains comparable to the mid-inertia condition.

D. Damping and Stiffness Effects

Besides inertia, admittance control relies on damping and
stiffness to shape interaction dynamics. Therefore, the maxi-
mum achievable damping and stiffness values were evaluated
using the medium-inertia condition as a baseline. Figure
211 shows these influences. The maximum stable values are
identified as 0.01 Nms/rad for damping and 0.004 Nm/rad
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values.

for stiffness. Increasing damping results in a slower but more
stable response with reduced oscillations. Increasing stiffness
increases interaction forces and leads to more pronounced os-
cillatory behavior. In the combined condition, system behavior
is dominated by damping, indicating a stronger stabilizing
effect compared to stiffness within the tested range.

V. DISCUSSION
A. PID Controller Performance

Both PI and PID control strategies were evaluated to deter-
mine which configuration provided the most stable and respon-
sive behavior for the hand module. The PI controller showed
sustained oscillatory behavior after the step input, indicating
insufficient damping and limited robustness during interaction
with the user. In contrast, the PID controller significantly
improved system stability by introducing derivative action,
which reduced oscillations and improved settling behavior.

Although the PID controller achieved stable operation, the
observed overshoot and underdamped response indicate that
the system remained limited by PID tuning and actuator
nonlinearities. The Ziegler and Nichols tuning method is
known to be an aggressive tune. Additionally, the dead-zone
behavior of the DC motor and the voltage drop introduced
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Fig. 20: Box plot of the normalized force RMSE between the
measured angle and the target angle of the tracking tasks for different
virtual inertia values.

by the L298N motor driver reduced the linearity of the
actuator response. These nonlinear effects complicated precise
low-force rendering and likely contributed to the remaining
oscillatory behavior.

B. Mechanical Performance

The handle operated over the full designed range of motion
of £15°. During the maximum virtual inertia test (Figure [I6)),
a maximum torque of 0.32 Nm was measured, correspond-
ing to 4.8 N. Both mechanical requirements were therefore
achieved.

C. Feasibility of Admittance Control

The primary objective of this thesis was to determine
whether admittance control could be implemented in an ultra-
low-cost haptic device. The results demonstrate that this is
feasible within a limited but practical operating range. The de-
veloped system successfully rendered virtual inertia, damping,
and stiffness while maintaining stable human-robot interaction
during the tracking tasks.

The admittance controller exhibited a stable virtual inertia
range between 8.0 x 1075 — 4.0 x 1073 kg m?. Within this
range the plots show that the system perfomes the virtual
dynamics. Furthermore, the controller successfully reproduced
the expected qualitative effects of inertia, damping, and stiff-
ness. Increasing inertia resulted in slower motion responses,
increased damping reduced oscillations while requiring larger
interaction forces, and increased stiffness introduced spring-
like restoring behavior.

These findings indicate that the admittance controller op-
erated according to the intended physical principles. The
results therefore support the hypothesis that meaningful virtual
dynamics can be rendered using highly affordable hardware
components.

However, the achievable range of stable virtual dynamics
was significantly constrained compared to high-end haptic sys-
tems such as the SEP. The low-cost implementation introduced
several sensing, actuation, and computational limitations that
directly affected controller performance.
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Fig. 21: System response for different combinations of virtual damping and stiffness at medium inertia. The target angle corresponds to the
admittance-computed angle, evaluated against the measured angle. The target moment is obtained from the virtual inertia and the measured
angle, while the measured moment reflects the real-time output of the load-cell.

D. Relevance for Neurological Assessment

The ability to render controllable virtual dynamics is partic-
ularly relevant for quantitative neurological assessment. Previ-
ous studies have used admittance-controlled environments to
investigate how movement behavior changes under different
mechanical conditions. The stable rendering of virtual inertia,
damping, and stiffness demonstrated in this study suggests
that similar experimental paradigms may be achievable using
substantially lower-cost hardware.

Of particular interest is the demonstrated range of virtual
inertia that could be rendered while maintaining stable inter-
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action. Changes in virtual inertia directly influence the force
requirements and movement strategies needed to perform a
task. As a result, inertial environments may provide a means of
probing motor adaptation and force regulation under controlled
conditions. The ability to systematically vary these dynamics
therefore represents a potentially valuable feature for future
assessment applications.

Although the dynamic performance of the present system
is more limited than that of dedicated rehabilitation robots,
the results indicate that low-cost admittance-controlled devices
may still be capable of generating meaningful variations in



interaction dynamics. This could facilitate future research
into quantitative assessment approaches that would otherwise
require more expensive robotic platforms.

E. Influence of Stroke-Related Impairments

The current evaluation was conducted with a healthy par-
ticipant, whereas the intended users are individuals with neu-
rological impairments whose interaction characteristics may
differ substantially.

A key factor is reduced proprioception after stroke, which
can limit the ability to accurately perceive limb position and
movement [3]]. Consequently, differences in virtual inertia
that are clearly perceptible in healthy users may be less
distinguishable in this population, motivating future work on
perceptual sensitivity under impaired sensory conditions.

Stroke-related reductions in voluntary force and motor con-
trol may also constrain the usable range of virtual inertia,
as higher values require greater interaction forces [2[]. This
suggests that controller adaptation may be necessary to match
individual strength levels.

In addition, abnormal muscle co-contraction and patholog-
ical synergies may alter the effective mechanical impedance
of the human-robot system, potentially affecting admittance
controller stability. Since human-generated damping already
influenced system behavior in this study, such changes could
further impact the range of stable virtual dynamics.

Finally, because stroke synergies often involve coordinated
multi-joint activation, extending the current SEP—which pri-
marily targets shoulder and elbow motion—with hand sensing
could improve the assessment of upper-limb impairment and
provide deeper insight into synergy patterns.

F. Influence of Low-Cost Hardware on Admittance Control

The use of ultra-low-cost hardware strongly influenced the
behavior and limitations of the admittance controller. Admit-
tance control is inherently sensitive to sensor noise, force-
measurement errors, and time delays because the measured
interaction force directly determines the generated motion. As
a result, limitations in sensing and control hardware had a
direct impact on the rendered virtual dynamics.

One of the most important limitations originated from the
force-sensing system. The HX711 amplifier restricted the ef-
fective force-measurement bandwidth to approximately 80 Hz
and introduced quantization noise and low-frequency drift.
These effects reduced the smoothness and accuracy of the
measured force signal. Since the admittance controller con-
verted this force directly into motion, noise in the force signal
propagated into the virtual dynamics. This behavior became
particularly visible at low virtual inertia values, where small
force variations produced large accelerations and oscillatory
behavior. Making the handle jitter, additionally, when trying
to operate the controller with low inertia the user tends to lose
their grip. Hence, decreasing the damping on which the PID
relies.

The normalized moment RMSE was highest for the lowest
inertia condition, indicating that force-measurement inaccura-
cies became increasingly dominant when the virtual inertia
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decreased. This demonstrates that low virtual inertia environ-
ments are particularly sensitive to force-sensor quality and
controller bandwidth. The lower inertia boundary therefore
appears to be primarily constrained by sensing noise and delay.

At high virtual inertia, performance was limited by actuator
capability. The DC motor and L298N driver could not generate
enough torque to resist user input. As a result, users could
overpower the system and the handle no longer tracked the
admittance reference accurately.

Additional limitations originated from the computational
hardware. The Arduino Uno and serial communication in-
troduced timing jitter and delays within the control loop.
Although the controller operated at 1 kHz, the effective sensor
and logging frequencies were substantially lower, particularly
for the force sensor. These delays reduced the achievable
stability margins and constrained the maximum renderable
damping and stiffness.

Together, these observations demonstrate that the perfor-
mance limitations of the system were directly related to the use
of inexpensive hardware components. Nevertheless, despite
these constraints, the system remained capable of rendering
stable and distinguishable virtual dynamics over a meaningful
operating range.

G. Trade-Off Between Cost and Performance

This work demonstrates the trade-off between affordability
and haptic performance. The complete system cost remained
below 50 euros by using consumer-grade actuators, sensors,
and control electronics instead of industrial components.

Despite reduced performance, the device achieved stable
admittance control within practical limits, indicating that low-
cost haptic systems may be suitable for rehabilitation appli-
cations. However, the lower-cost hardware reduced sensing
accuracy, actuator performance, and controller bandwidth,
resulting in lower transparency, reduced stability at extreme
parameter values, and greater sensitivity to user overpowering
and measurement noise. Therefore, while feasible, the system
does not yet match the performance of clinical-grade rehabil-
itation robots.

H. Limitations

Several limitations of the current system should be consid-
ered when interpreting the results. First, thermal effects in the
DC motor lead to gradual misalignment between the encoder
magnet and the sensing element during prolonged operation.
This introduces measurement drift and reduces the accuracy
and repeatability of the angle estimation over time, particularly
in longer experimental sessions.

Second, the PID controller tuning is based on the
Ziegler—Nichols method, which typically yields relatively ag-
gressive gain settings. While this enables fast transient re-
sponse, it also increases sensitivity to measurement noise and
can reduce robustness, especially under low-inertia and highly
interactive conditions. More systematic or application-specific
tuning approaches could potentially improve stability margins
and expand the usable range of virtual dynamics.



Third, the actuator and motor driver represent a major
performance bottleneck. The low-cost DC motor provides
limited torque and exhibits cogging and dead-zone effects,
while the L298N driver introduces significant voltage drops
that further reduce effective actuation capability. The system
can be overpowered by the user at higher virtual inertia
settings, limiting virtual dynamics.

Fourth, the sensing system imposes bandwidth and signal
quality constraints. The load cell amplifier (HX711) limits
the effective force sampling rate to approximately 80 Hz and
introduces quantization noise, drift, and jitter. These effects
propagate directly into the admittance controller, since force
measurements are mapped into motion generation, thereby
reducing smoothness and stability of the rendered interaction.
Although the microcontroller is capable of kHz-level control
execution, the overall closed-loop performance is primarily
constrained by sensor bandwidth and communication latency.

Fifth, the system is sensitive to measurement noise and lim-
ited signal conditioning. Force and position signals are affected
by sensor noise and drift, which can degrade the accuracy
of the computed virtual dynamics. While basic filtering is
implemented, higher-quality sensing hardware could improve
signal accuracy.

Finally, controller performance is partly dependent on hu-
man interaction dynamics. The stability of the system is
influenced by the damping introduced by the participant’s grip
and movement behavior, meaning that performance may vary
between users and experimental conditions. This reduces the
consistency of the controller tuning across different interaction
styles and limits full generalizability.

1. Future Work

Future work should focus on improving the robustness
and clinical applicability of the system. More refined PID
tuning methods could be investigated to improve controller
performance and expand the range of stable virtual dynamics.

The mechanical design could also be improved to reduce
the influence of motor heating on encoder alignment during
prolonged operation. Improving thermal management or re-
designing the encoder mounting may increase measurement
stability and repeatability.

In addition, future versions of the device could benefit from
improved actuation and sensing hardware. A stronger motor
would increase the available torque and may be particularly
important when evaluating stroke patients, who often exert
larger interaction forces and experience greater difficulty with
delicate movements. Likewise, higher-quality sensors could
improve measurement reliability by reducing noise, latency,
and drift.

Finally, the system should be evaluated with stroke survivors
to determine whether the rendered virtual dynamics are suf-
ficiently perceptible and useful for quantitative neurological
assessment.

15

VI. CONCLUSION

This thesis investigated the feasibility of implementing
admittance control in an ultra-low-cost haptic device. The
developed hand module successfully rendered virtual inertia,
damping, and stiffness while maintaining stable human—robot
interaction within a practical operating range. The complete
system was realized using widely available components with
a total hardware cost below 50 euros.

The results demonstrate that admittance control is feasible
using low-cost hardware, although system performance is
strongly constrained by sensing bandwidth, actuator limita-
tions, measurement noise, and computational delays. These
limitations reduced the achievable range and accuracy of the
rendered virtual dynamics compared to high-end rehabilitation
systems.

Nevertheless, the presented system demonstrates that mean-
ingful admittance-controlled interaction can be achieved using
highly affordable hardware platforms. This suggests that low-
cost haptic devices may provide accessible alternatives future
low-resource rehabilitation technologies.
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VII. APPENDIX
A. Drum geometry

As shown in Figure 22] if only o were considered, the
capstan would move directly to the edge of the drum during
operation. To prevent the capstan from surpassing the edge,
an additional angular margin [ is introduced, effectively
increasing the width of the drum. Substituting the previously
determined parameters into Equation [14]yields 5 = 3.3°. This
margin provides a safety buffer on both sides of the drum to
ensure reliable contact throughout the motion range. So the
total angle of the drum is 33.2°.

[ = arctan (14)

rd + Te

-: R

- .C'.3

d c

Fig. 22: Geometric diagram showing the angular relationship and key
dimensions between the Hapkit drum and the capstan. The angle o
represents the base angle of the drum, while 3 denotes the additional
safety margin, which can be determined by the drum radius rq and
the capstan radius r.. The combination of these angles defines the
total angle of the drum.
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