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A Passive Mechanical Add-on for Treadmill Exercise (P-MATE) in Stroke
Rehabilitation

Irene L. Y. Beck1, 2,*, Belle C. Hopmans1, 3, Bram Haanen1, Levi Kieft1,
Heike Vallery2, 3, 4, Laura Marchal-Crespo1, 2, and Katherine L. Poggensee1, 2, 3

Abstract— Robotic rehabilitation can deliver high-dose gait
therapy and improve motor function after a stroke. However,
for many devices, high costs and lengthy setup times limit
clinical adoption. Thus, we designed, built, and evaluated the
Passive Mechanical Add-on for Treadmill Exercise (P-MATE),
a low-cost passive end-effector add-on for treadmills that
couples the movement of the paretic and non-paretic legs
via a reciprocating system of elastic cables and pulleys.
Two human-device mechanical interfaces were designed to
attach the elastic cables to the user. The P-MATE and two
interface prototypes were tested with a physical therapist
and eight unimpaired participants. Biomechanical data,
including kinematics and interaction forces, were collected
alongside standardized questionnaires to assess usability
and user experience. Both interfaces were quick and easy
to attach, though user experience differed, highlighting
the need for personalization. We also identified areas for
future improvement, including pretension adjustments, tendon
derailing prevention, and understanding long-term impacts on
user gait. Our preliminary findings underline the potential of
the P-MATE to provide effective, accessible, and sustainable
stroke gait rehabilitation.

I. INTRODUCTION

Stroke is one of the leading causes of disability
worldwide, affecting twelve million people annually [1].
Up to 75% of people who have had a stroke are left
with lower-limb somatosensory and motor impairments
three months post-stroke [2]. Individuals with more severe
impairments experience a greater negative impact on their
quality of life and participation in everyday activities [2].

High-dose physical therapy can enhance motor recovery
following a stroke [3]. However, individuals often receive
less therapy than recommended due to, among other factors,
a shortage of trained personnel [4]. Conventional gait
interventions—where therapists physically assist or resist an
individual’s limb movements—often require more than one
therapist per patient [2]. Work-related injuries can result
from the physical demands placed on therapists [5]. These
shortcomings in current lower-limb rehabilitation practices
are expected to worsen with an aging population and global
physician shortage [6].
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Fig. 1: The mechanical design of the P-MATE. A: An
overview of all parts of the system with the 1) frame, 2) six
pulleys, 3) two anterior and two posterior elastic tendons, 4)
safety harness, 5) anterior and posterior load sensors, and 6)
human-device interface. The two prototypes of the interface
are highlighted in B: the cuff around the shank and C: the
bandage around the foot.

Robotic rehabilitation provides a promising solution to
these challenges by delivering high-intensity therapy while
reducing physical demands on therapists. Several robotic
devices have already been developed to support gait
rehabilitation, offering controlled, high-intensity training as a
way to lower therapists’ workload while objectively tracking
patient progress [7], [8]. However, factors such as set-up time
and cost hinder the introduction and adoption of robotics
into the clinic, calling for more affordable and simpler
devices [5]. Despite advances in the design of lightweight
exoskeletons [9], these current robotic solutions can limit the
active participation of patients, which is crucial to enhance
neurorehabilitation [7], [10].

Tendon-based devices also show promise in providing
effective resistance and assistance for gait rehabilitation [5],
[11], [12], although how to best route the cables without
impeding the unimpaired leg’s range of motion is still an
open question. One option is to attach a single tendon to the
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impaired leg, which tensions a spring in a controlled way
during the stance phase of the impaired leg and subsequently
releases the stored energy during swing [13]. However, the
mechanism still requires an active brake, electronics, and
control to compensate for the movement of the impaired leg
during stance and to avoid tensioning of the spring during
the entire stance phase.

We aimed to address the aforementioned challenges by
designing and evaluating a purely mechanical solution that
exploits the reciprocating movement of both legs to assist
in the gait rehabilitation of the paretic leg. This is done
by attaching both legs to elastic tendons, guided by a set
of pulleys optimally located around a treadmill to leverage
the movement of the non-paretic leg and the treadmill.
This low-cost system could be implemented on existing
treadmills, does not require any actuators or control, and
allows for the individual’s active participation.

II. DESIGN

A. System Overview

We developed the Passive Mechanical Add-on for
Treadmill Exercise (P-MATE) for use in stroke gait
rehabilitation. The P-MATE was designed to provide support
during treadmill walking, particularly for individuals with
hemiparesis, a condition that affects gait symmetry by
impairing one side of the body. The add-on combines four
elastic tendons attached to both legs and guided by pulleys.
The pulleys are optimally located around a treadmill to assist
the paretic leg as needed during the swing phase while the
non-paretic leg is moved backward by the treadmill during
stance, but without impeding physiological leg motion. A
schematic overview of the P-MATE’s working principle is
presented in Fig. 1A.

Two human-device interfaces were designed to attach the
elastic tendons to different points on the user: one at the
shank (cuff prototype) and the other at the foot (bandage
prototype), see Figs. 1B and 1C, respectively. The entire
system was designed and evaluated via two datasets, both
of which were approved by the Human Research Ethics
Committee of TU Delft, and all participants provided written
informed consent prior to the start of the study.

B. Pulley Location Optimization

The goal of the P-MATE was to assist the paretic foot’s
movement in the three translational degrees of freedom, with
coordinate directions forward (x), lateral (y), and upward (z)
(Fig. 2). Therefore, at least four elastic tendons are required
due to the underconstrained behavior of tendons (i.e., only
pulling) [14]. Furthermore, to promote gait symmetry, the
pulley and tendon arrangement is symmetrical across the
sagittal plane.

The P-MATE was designed to avoid interfering with
unimpaired gait, i.e., in the case of natural walking, no
resistive nor assistive forces should be transmitted to the
participant. To achieve this, a simulation-based optimization
was run to determine the optimal pulley locations that
minimize the “parasitic” forces, i.e., any forces (in all

w1

w3

w4

w2

h4

h1

h2

h3

z
y

x

Fig. 2: The optimization setup with the eight parameters to
determine optimal pulley location.

directions) acting on the legs during “normal gait” for six
participants. The optimization used a cost function that
minimized the sum of the root mean square of each of the
Cartesian forces (in x-, y- and z-directions) acting on the left
and right legs over time. At each frame (collected at 100Hz),
the Cartesian forces were derived from the “parasitic” tendon
forces, which were computed using a Jacobian based on the
location of the legs and the pulleys.

These “parasitic” tendon forces originate from the
elongation of the elastic tendons during unimpaired walking.
Based on preliminary research of commercially-available
elastic ropes, we chose to set all tendons to the same stiffness
of 300N/m. The slack length, or the length at zero-force,
of each tendon was chosen as the shortest tendon length
observed per participant.

The optimization parameters describe the locations of
eight pulleys around the treadmill, two pulleys per each
of the four tendons, while a simulated human was placed
in the center of the treadmill. The pulley locations were
assumed constant in the x-direction at 0.75m in front of
and behind the individual, based on conventional treadmill
length. Additionally, the location of each pair of pulleys
was assumed to be the same height. These assumptions
reduce the optimization parameters to only the distances
between the pulleys per pair in y-direction (wj) and their
heights (hj) (see Fig. 2), resulting in four widths and four
heights. The search space of the parameters was constrained
to w1,3 ∈ [0, 0.1], w2,4 ∈ [0.4, 0.8], h1,3 ∈ [0.5, 1.0], and
h2,4 ∈ [0.1, 0.3] m. Initial conditions were set to the average
of each constraint bound. The optimization of the pulleys
was executed for lower-body optical motion capture data
collected from six unimpaired young adults walking on a
treadmill at 1.0m/s (see Table I). We used the genetic
algorithm function (ga) from the Optimization Toolbox in
MATLAB (R2023b, Mathworks, USA). The optimization
stopped after 100 generations or when the average relative
change in the cost function was smaller than 1× 10−6 N.
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TABLE I: Demographic information for pulley location
optimization training dataset.

ID Sex Age/yr Height/m Mass/kg

A F 30 1.55 51.0
B M 26 1.73 63.7
C M 25 1.76 63.6
D F 23 1.71 56.2
E M 30 1.87 72.5
F M 30 1.81 71.0

TABLE II: The optimal pulley locations for each participant
from the simulation-based optimization and the final
implemented values (Imp) in the mechanical design. All
measurements are in meters.

ID w1 h1 w2 h2 w3 h3 w4 h4

A 0.00 0.50 0.40 0.10 0.00 0.74 0.56 0.10
B 0.00 0.50 0.40 0.10 0.00 0.76 0.40 0.10
C 0.00 0.57 0.80 0.10 0.00 0.69 0.80 0.10
D 0.00 0.50 0.74 0.10 0.00 0.62 0.40 0.10
E 0.00 0.56 0.40 0.10 0.00 0.78 0.80 0.10
F 0.00 0.56 0.40 0.10 0.00 0.79 0.55 0.10
Imp 0.00 0.50 0.80 0.13 0.00 0.50 0.80 0.13

The main contributors to the cost function were the forces
in x-direction, with median anterior and posterior forces of
28.4N and 34.0N, respectively. The optimal pulley location
parameters per participant are shown in Table II. The optimal
solution for both w1 and w3, i.e., the width between the
two sets of upper pulleys, was 0.00m for all participants,
reducing the overall system from eight to six pulleys.

C. Mechanical Design

1) Frame: A frame was built to fit around a modified
Lokomat (Hocoma AG, Switzerland) treadmill to realize
the P-MATE based on the optimization results. The frame
consists of extruded aluminum Profile 8 40x40 profiles (item,
Germany) of various lengths anchored to the treadmill frame.
The total dimensions of the P-MATE were 1.8m long by
1.0m wide by 1.2m high.

2) Pulleys: Based on the optimal solutions found in the
simulation, six pulleys were used (diameter 50mm, groove
6mm) (105140, Waelbers, Netherlands). Three pulleys were
attached to the front part of the frame, and three pulleys to
the back, with one higher pulley in the middle and with
two pulleys just above treadmill height on either side of
the participant. The implemented pulley locations (Imp in
Table II) were kept as close to the optimal solution, subject
to the setup constraints. This included a slight increase in the
height of the lower lateral pulleys and lowering of the upper
back pulley, while the x-position of all pulleys was increased
to ±0.9m. The final layout of the pulleys was symmetrical
in the sagittal and coronal planes.

3) Elastic tendons: The elastic tendons are commercially
available with a diameter of 8mm (5411387036028, Ledent,
Corbeo NV, Belgium), chosen in an effort to match
the assumptions from the simulation. Four stainless steel
carabiners (432712, Seilflechter, Germany) connected the

elastic tendons to the human-device interface. The slack
length of the elastic tendons can be adjusted via a rope
tightener for each elastic tendon (CAMJAM™ XT™, Nite
Ize, USA).

4) Safety harness: The harness of the Lokomat’s body
weight support (BWS) system was used to ensure safety
against falls with enough slack to allow for free movement.
However, any safety harness or BWS system could be used
in combination with the P-MATE.

5) Human-device interface: The P-MATE requires a
human-device interface to effectively transfer the elastic
tendons’ forces to the user while promoting comfort, ease
of use, and adjustability. To identify user requirements for
the interface, observations of training sessions and interviews
with a neurorehabilitation physical therapist (27 years
experience) were conducted at a stroke rehabilitation center
(Rijndam Revalidatie, the Netherlands). These activities
indicated a need for a quick and easy setup for rehabilitation
devices to maximize the therapy time. This included not only
a maximum of five minutes for the donning and doffing
of the system on the patient but also reduced complexity
compared to existing robotic exoskeletons. Additionally, the
system should accommodate patients typically seen in the
clinic, ranging in demographics and severity of disease. We
therefore designed two prototypes, namely a cuff and a
bandage design. The cuff prototype encloses the shank via
an aluminum C-shaped profile around the back of the shank
and a rectangular aluminum plate at the front (Fig. 1B).
The aluminum is covered by a layer of cold foam padding
with an exterior layer of synthetic leather to allow for a
comfortable but close-fitting attachment to the participant’s
leg. The bandage prototype (see Fig. 1C) consists of two
straps, one around the ankle and one in a figure-eight pattern
wrapping around the sole of the foot. To mitigate shearing
between the strap and the ankle, cold foam padding covered
in synthetic leather was added.

The amount of Velcro used to secure both prototypes to the
participant was chosen to withstand the worst-case scenario,
i.e., where the participant was at the limits of the treadmill
and the pulling forces were the highest. To facilitate donning
and doffing, stainless steel buckles at the front and back of
the interfaces secured the elastic tendons using carabiners.

III. EXPERIMENT

A. Experimental Protocol

We conducted a feasibility study with eight adults without
physical impairments (see Table III) to evaluate the P-MATE
and the two interface prototypes. Each participant received
a demonstration from the experimenter on how to don and
doff the two prototypes while sitting comfortably in a chair.
They were then invited to walk on the treadmill and select
their comfortable walking speed and pretension. They were
then asked to walk at their selected speed for five minutes
while wearing the safety harness but without any prototype
(baseline). Following the five-minute baseline, participants
took a minimum five-minute rest while seated, during which
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the experimenter attached one of the prototypes to the
participant.

Participants then walked for 20minutes at their chosen
speed with each prototype, in a randomized order. After
each session, participants completed three questionnaires to
evaluate the prototype’s design while resting for at least five
minutes. During this break, the experimenter doffed the first
prototype and donned the second, timing each transition.

After both walking sessions, participants practiced
donning and doffing each prototype independently. The
experimenter timed these actions, and participants completed
the final section of the questionnaires.

The neurorehabilitation physical therapist, who helped
identify user requirements, also participated in a shortened
experimental protocol. Baseline walking measurements were
taken for one minute, followed by ten-minute walking
sessions with each prototype. At the therapist’s request, a
second ten-minute session with the bandage prototype was
conducted with lengthened anterior elastic tendons.

B. Outcome Metrics

During the baseline and the two walking sessions,
biomechanical data regarding the right leg were collected.
In particular, forces at the front and back of the leg
were recorded with two load sensors (KD40S 1000N,
ME-Meßsysteme, Germany). One load sensor was positioned
between the two anterior tendons and the human-device
interface on the front of the right leg, and the other between
the two posterior elastic tendons and the same interface on
the right leg.

To evaluate whether the P-MATE changed the participants’
gait, a depth camera (ZED mini Stereo Camera, StereoLabs,
USA) with the onboard software detecting anatomical
landmarks was used to capture the kinematics of the right
leg in the sagittal plane. Step length and step height were
extracted from this kinematic data and averaged over the
trial. The force and kinematic data were synchronized offline.
Additionally, the first and last minute of the sessions were
disregarded as warm-up and cool-down periods, so early and
late periods were defined as minute 2 and 19, respectively.

To evaluate setup time, the experimenter timed every
donning and doffing action, either performed by the
experimenter themselves or the participant. Data on
participants’ user experience and acceptance of the
prototypes, and system usability were collected using three
questionnaires: the Van Der Laan Acceptance Questionnaire
[15] (AQ), the System Usability Scale (SUS) [16], and
a modified version of the User Experience Questionnaire
(UEQ) [17], respectively. The questions in the UEQ were
modified to target the experience with the P-MATE. The
AQ and UEQ were answered on a Likert scale from -2 to
+2, with -2 indicating a negative response (e.g., “useless”)
and +2 a positive response (e.g., “useful”). The SUS was
answered on a Likert scale from 1 to 5: 1 indicating “Strongly
disagree” and 5 “Strongly agree,” resulting in an overall score
between 0 and 100. Each questionnaire was filled out for both

TABLE III: Demographic data of experiment participants and
their chosen treadmill walking speed. T: Therapist

ID Sex Age/yr Height/m Mass/kg Speed/km/h

1 F 63 1.60 79 3.0
2 F 23 1.65 70 3.0
3 M 26 1.85 72 2.5
4 M 61 1.73 79 3.5
5 M 22 1.86 94 3.5
6 M 24 1.91 86 3.5
7 F 24 1.67 70 3.0
8 F 60 1.63 71 2.5
T M 49 1.81 73 3.0

interface prototypes. The experimenter also wrote down any
comments made by the participants during the study.

C. Experimental Results

For both prototypes, the highest anterior tendon forces
occurred at toe off (determined as the instance the foot
was farthest back), while the highest posterior tendon forces
were recorded near heel strike (conversely the instance
the foot was farthest forward). In the cuff prototype, the
highest average peak anterior and posterior forces across
all participants were 118N and 110N, respectively. For the
bandage prototype, these forces reached 141N and 114N,
respectively.

All participants showed larger differences between the
maximum and minimum forces with the bandage prototype
compared to the cuff prototype. Over time, comparing early
and late in the session, the cuff prototype visually appeared
to exert consistent forces at the front and back of the leg,
whereas the forces from the bandage prototype started higher
and tended to decrease as time passed.

Preliminary kinematic analysis indicated a reduced step
length for both prototypes: the median of the average was
0.58m at baseline, compared to 0.53m with the cuff and
0.53m with the bandage. Step height also changed with the
system: the median of the average at baseline was 0.16m,
compared to the cuff at 0.15m and the bandage at 0.10m.

Donning and doffing for both prototypes took under
five minutes. Experimenter donning times improved with
practice: cuff prototype times decreased from 135 s to 74 s,
and bandage times from 235 s to 127 s (Fig. 3A). Doffing
times remained consistent between 30 s to 40 s. Participants
averaged 87 s to don the cuff and 217 s for the bandage
(Fig. 3B), with doffing averaging 30 s for the cuff and 41 s
for the bandage (Fig. 3C).

The questionnaire results are presented in Fig. 4. Both
prototypes received generally positive feedback on user
experience (UEQ), with median scores of 0.8 for the cuff
and 0.6 for the bandage prototype, indicating a more
favorable user experience with the cuff. Based on the
responses on usability (SUS), the cuff prototype was rated
as highly usable, scoring 85 out of 100, while the bandage
prototype scored lower at 62.5 out of 100. Similar to
the other questionnaires, both prototypes generally received
positive ratings on both usefulness and satisfaction (AQU and
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Fig. 3: Donning and doffing time of both prototypes. A:
Donning (solid) and doffing (dashed) by the experimenter
over time for the cuff (blue diamond) and bandage (red
circle) prototype. Donning (B) and doffing (C) of the two
prototypes by the participants and therapist (orange star) are
also shown.

AQS), with the cuff prototype rated more highly than the
bandage prototype. In the study, one participant lost balance
within the first minute of using the bandage prototype.
Analysis of the kinematics indicated that the participant
was taking longer steps just before the loss of balance,
generating a strong forward pulling force from the elastic
tendons (235.6N), causing instability in the subsequent step.
Following this incident, the study was temporarily paused,
and the participant restarted with an elongated anterior
tendon and a reduced treadmill speed. No further incidents
occurred for the remainder of the study.

While the therapist liked the bandage prototype more than
the cuff, both were preferred over a rigid exoskeleton due to
their greater freedom of movement and more natural gait.
Walking in both prototypes became “easier with practice,”
though he “needed to adjust the gait timing” with the cuff
prototype to align with the P-MATE. He also recommended
moving the front attachment of the bandage prototype closer
to the toes, noting that the lengthened elastic tendon provided
“more guidance than control” over foot placement.

IV. DISCUSSION

In this study, we designed, built, and evaluated two
prototypes of the Passive Mechanical Add-on for Treadmill
Exercise (P-MATE). This system could assist stroke patients
during their gait rehabilitation by leveraging the non-paretic
leg to facilitate the swing phase of the paretic leg using an
elastic tendon-and-pulley system. The system was optimized
in simulation to minimize parasitic forces acting on the user
during natural treadmill walking.

The optimization aimed to determine the optimal pulley

A CB D
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Fig. 4: Questionnaire results for the cuff (blue diamond) and
bandage (red circle) prototypes and therapist (orange star).
The System Usability Scale (SUS) (A) is ranked on a scale
from 0 to 100, and the User Experience Questionnaire (UEQ)
(B), Acceptance Questionnaire on Usability (AQU) (C) and
Satisfaction (AQS) (D) on a scale from −2 to 2.

locations. However, due to setup constraints, the final
configuration deviated from these results. Furthermore,
we decided to focus the optimization on the pulley
locations for assistive rehabilitation rather than exploring
configurations for resistive treatment. We also chose a single,
constant-stiffness tendon pretension for the optimization,
but relaxing these constraints may allow for more targeted,
personalized rehabilitation.

Results from a feasibility study with eight adults without
physical impairments and one physical therapist indicate
differences in user experience between the two human-device
interfaces. Higher anterior pulling forces were measured
with the bandage prototype compared to the cuff interface.
This aligns with the therapist’s observation of “feeling more
guided” using the cuff and a “more controlling” perception
when wearing the bandage prototype.

Some design elements of the current setup could be
improved further. A general solution for the location of
the pulleys was applied for all participants. However,
variations in user experience, pretension, and walking
speed preferences suggest that incorporating user-specific
configurations could improve the experience of using the
P-MATE for gait rehabilitation. Additionally, the pulleys
have a fixed orientation, which prevents dynamic adjustments
of the guiding of elastic tendons throughout the gait cycle.
This limitation may cause friction and wear on the tendons,
potentially affecting both their durability and the user’s
kinematics.

The initial pretension differed per participant, influencing
the interaction forces of the P-MATE. In the case of the
participant who lost their balance and the therapist, the
anterior tendons were lengthened to reduce the pretension.
Both the participant and therapist reported feeling in more
control with the longer tendons compared to the original
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tendon length, possibly as a result of the reduced forces
from the device. All participants claimed that walking
became easier with practice, particularly when using the
bandage prototype, in line with the observed reduction in
the interaction forces. A future system should allow for rapid
customization of the pulley locations and pretension of the
elastic tendons to maximize the clinical impact of the system.

While the depth camera allowed for a quick and cheap
data collection, we likely need to optimize the setup and
use different sensors to collect more meaningful data. First,
the current experimental setup only collected kinematic
data from the right leg, limiting insights into the full
impact of the P-MATE prototypes on the overall gait
pattern. There are indications that participants adapted to
the system, as illustrated by changes in interaction forces
throughout the trial and between prototypes. However, the
specific mechanisms of this adaptation cannot be determined
from this setup, particularly because the camera did not
consistently and reliably track the ankle position. It is also
important to note the two load cells used in this study
measured the combined forces from the two anterior and two
posterior elastic tendons, respectively, making it impossible
to distinguish the individual pulling force contributions from
each tendon acting on the leg. Participant feedback also
suggested biomechanical changes that could not be validated
by our dataset, including perceiving changes in balance and
energy expenditure, so relevant sensors should be added to
the future protocols.

Further research is needed to better understand the
P-MATE’s impact on the gait of people who have had a
stroke. Insights from these experiments would help assess
whether P-MATE promotes healthy muscle engagement,
which is essential for motor learning and rehabilitation while
ensuring active participation from users. Additionally, the
long-term effects of the P-MATE on both the quantity of
training and quality of movement should be considered to
ensure that the P-MATE does not lead to negative outcomes,
such as over-reliance on the device or compensatory
movement patterns that could hinder recovery.

V. CONCLUSION

We presented the design and evaluation of a passive
mechanical treadmill add-on, the P-MATE, for gait
rehabilitation following a stroke. The system employs elastic
tendons, pulleys, and treadmill actuation to create a dynamic
connection between legs, in order to leverage the movement
of the non-paretic leg to assist the paretic limb. The P-MATE
was evaluated on kinematics and forces alongside unimpaired
participants’ feedback on the system acceptance, usability,
and user experience.

Although differences were observed between normal
treadmill walking kinematics and walking with both
P-MATE human-device interfaces, participants responded
positively regarding the usability and overall experience
with the device, showing promise toward accessible gait
therapy. However, several design aspects require refinement,
including addressing pulley derailing, optimizing tendon

pretension, and conducting a more detailed kinematic
analysis. Future work will also focus on further improving
usability and clinical impact.
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