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An ergonomic modular foot platform for isometric force/torque 
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Abstract—The main goal of this article is to present the 
design, technical development, and preliminary validation of 
an innovative mechatronic device for force/torque measure-
ments taken from the human foot using pilot data. The device, 
formed by a mobile platform equipped with two six-axis force/
torque sensors, was used to perform accurate quantitative 
measurements during isometric exercises, aimed at performing 
functional assessment tests in poststroke patients undergoing a 
rehabilitation treatment. Results from pilot data provide a vali-
dation of the device. A large clinical trial has been planned to 
test whether the platform can be used in the clinical practice. 
We suggest that measurements of ground reaction forces taken 
from the foot of poststroke patients during the initiation of 
activities of daily living tasks can provide information about 
their motor recovery and enlighten possible areas of applica-
tion, ranging from isometric motor exercise in neurorehabilita-
tion to foot-based human-machine interface.

Key words: assessment, ergonomic design, foot function, 
force/torque measurements, ground reaction forces, human-
machine interface, isometric measurements, mechatronics, 
rehabilitation, stroke.

INTRODUCTION

The functional assessment of the motor performance 
of the foot and its rehabilitation after neurological injuries 

(e.g., stroke, traumatic brain injury, spinal cord injury) rep-
resents a fundamental stage for recovery of activity of 
daily living (ADL) tasks, essential for independent living 
[1–4]. Different biomechatronic applications based on the 
detection of foot pressure for the compensation of sensory 
and motor loss in disabled subjects have been proposed 
recently [5–6]. Functional recovery of a neurologically 
impaired patient can rely on the analysis of dysfunctions of 
sensorimotor control. The analysis of the great toe during 
motor recovery is important from a clinical point of view 
since it has consequences on locomotion; the role of the 
great toe on the motor recovery of poststroke patients 
(PSs) has recently been investigated [7]. From a functional 
assessment perspective, this study focuses on the sitting 
posture during ADL tasks [8].

Abbreviations: ADL = activity of daily living, FM = Fugl-
Meyer, F/T = force/torque, H = height, HMI = human-machine 
interface, HU = height of the user from the foot platform, L = 
large, M = medium, MAS = Motor Assessment Scale, PS = 
poststroke patient, S = small.
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The study of the foot’s forces and torques during iso-
metric exercises is rather limited so far [9–11]. Some 
actuated devices were recently presented as haptic tools 
for foot rehabilitation [12–14].

This article presents an innovative device for monolat-
eral isometric force/torque (F/T) measurements taken from 
the human foot, specifically focused on functional assess-
ment, based on the requirements emerged during internal 
debate in collaboration with rehabilitation experts.

The simplest way to determine the loads applied 
from outer forces or to control the forces exerted by the 
muscles is to measure them externally. Available systems 
(i.e., plantar soles equipped with sensors, baropodometric 
platforms) provide dynamic foot pressure measurements 
under static and dynamic conditions in upright conditions 
for posturographic analysis [15–19]. They can be used 
mainly in the late stages of rehabilitation and during rein-
tegration into working and social life, when locomotion 
function is partially recovered. Our system focuses on the 
sitting posture in order to perform F/T measurements 
from the foot of disabled patients seated in a wheelchair. 
One of the advantages of the system is its use in the first 
stages of rehabilitation (i.e., subacute phase), thus allow-
ing early functional assessment.

The F/T exerted between the environment and the 
human body can be recorded easily with a commercially 
available dynamometer. From a biomechanical point of 
view, these measurements are the simplest but provide 
little information about the underlying mechanism within 
the body. Thus, the highly accurate and reliable data of 
the F/T sensors must be combined with other information 
from biomechanical studies.

In contrast, our system concentrates on the F/T pat-
terns measured during the start of different ADL tasks 
(“drinking from a glass,” “turning a key,” “taking a 
spoon,” “lifting a bag,” “reaching for a bottle,” and “lift-
ing and carrying a bottle”). These ADL tasks are charac-
terized by two reference postures of the lower limbs; the 
proposed system is designed to record and collect F/T 
data from the patient’s foot in such postures.

The subject receives instructions about the meas-
urement protocol from a therapist. F/T data acquired dur-
ing the initiation of ADL tasks are processed off-line and 
can then be used by clinical staff as quantitative evalua-
tion of rehabilitation treatments. We expect that changes 
in the recorded F/T patterns will delineate the course of 
motor recovery and verify the effectiveness of physio-
therapy treatments in the future. Consequently, a simple 

isometric F/T measurement has the potential to become a 
convenient and cost-effective solution.

In recent years, sophisticated uniaxial dynamometers 
have become available, although they are very expensive. 
In addition, only a small number of simple isometric 
devices have come onto the market. Securing the moving 
elements of an isokinetic device allows isometric F/T 
data to be recorded. Obviously in this case, isometric 
measurements can only be made when a sophisticated 
and expensive isokinetic device is already available for 
other purposes. Isokinetic devices are capable of provid-
ing adequate information about the joint F/T exerted by 
(or loaded onto) the patient. However, the imposition of 
artificial movements or loads and limitation to simulta-
neously record only one degree of freedom F/T data are 
major shortcomings of these devices.

In contrast, the foot platform presented in this article 
was designed to measure isometric F/T data from the foot 
and the great toe in natural start postures. One of the 
main clinical challenges in the rehabilitation field is to 
find quantitative evidence of motor recovery; the possi-
bility of recording F/T data is fundamental for this pur-
pose. Currently, no purchasable device satisfies the 
special requirements of the foot platform. The main aim 
of this work—which stems from close interaction with 
rehabilitation experts—is development of an innovative, 
simple, reliable, and low-cost platform for recording F/T 
data during isometric exercises [20–22].

A torque-based approach has recently been proposed 
for quantifying atypical movements in individuals with 
hemiparesis [23]. Isometric measurements have been 
used in studies with nondisabled [24] and stroke subjects 
[25], but have not shown differences between the great 
toe and the foot for assessment purposes so far.

METHODS

Subjects
Five subacute stroke subjects, age range 62 to 83 

(mean ± standard deviation 69.0 ± 8.9) years, two men 
and three women, were recruited for the study. Two had 
right hemiparesis and three had left hemiparesis. All had 
experienced the acute event 25 ± 7 days prior to the study. 
Five nondisabled subjects, age range 23 to 72 (53.7 ± 
15.6) years, three men and four women, were recruited for 
comparison purposes. Subjects were evaluated using the 
Fugl-Meyer (FM) lower-limb subscore (range 0–36) and 
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Motor Assessment Scale (MAS) balance sitting, sitting to 
standing, and walking subscores (range 3–18).

Functional Requirements
The requirements for a functional platform identified 

in collaboration with clinical experts were as follows:

  • Able to separately measure F/T data from the whole foot 
and the great toe from a subject seated on a standard 
wheelchair. Existing references [3–4] and preliminary 
measurements provide physiological input ranges.

  • Easy and quick to adjust according to the different 
anthropometrical features.

  • Able to be used on both sides.

  • Minimum time and physical effort required from an 
operator.

  • Low height of the device to reduce the operator’s 
workload.

  • Able to record measurements from different postures 
(heel secured to the device/heel lifted). Such choice 
lets the patient simulate postures when he or she is 
asked to carry out so-called “far reaching” exercises 
(see “Design Approach and Ergonomic Study” section 
for more details).

  • Can be conceived as a module to be assembled into a 
diagnostic device able to measure F/T data from dif-
ferent anatomical districts.

Design Approach and Ergonomic Study
We followed a human-centered, mechatronic design 

approach by beginning from anthropometrical remarks 
and repetitively modifying the design choices after meet-
ings with end-users (i.e., therapists, patients). Simulations, 
models, and prototypes were largely employed to acquire 
feedback from end-users and carry out validation tests. 
The proposed approach for F/T measures in isometric con-
ditions needs an anatomically standard and fixed individ-
ual setting on the device for each patient in order to ensure 
reproducible, reliable, and highly precise measures.

As a reference position, the user is seated on a chair 
or wheelchair at 580 mm height from the floor of the 
device, the rear side of which is 330 mm from the user’s 
back. For recording F/T data during isometric exercises, 
the proposed platform (Figure 1) has two reference pos-
tures. Position 1 represents a neutral seated posture; most 
ADL tasks (i.e., grasping, lifting an object) start from this 
position. Other tasks can be performed starting from 
position 2 (i.e., forward reaching tasks). This position is 
characterized by a trunk bent forward and feet moved 
backward. Toe metatarsophalangeal flexion and ankle 
dorsiflexion are the joint movements of the foot that were 
taken into consideration. The anatomical angles for posi-
tion 2 are 8° for ankle dorsiflexion and 7° for toe metatar-
sophalangeal flexion.

Figure 1.
Posture for two reference positions: (a) position 1, (b) position 2. © 2006 IEEE. Reprinted with permission from Mazzoleni S, Micera S, 

Romagnolo F, Dario F, Guglielmelli E. An ergonomic dynamometric foot platform for functional assessment in rehabilitation. Proceed-

ings of the First IEEE/RAS-EMBS International Conference on Biomedical Robotics and Biomechatronics; 2006 Feb 20–22. p. 619–24.
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An ergonomic study on the European population was 
carried out [26]. Computer-aided design simulations (Pro/
Engineer, Parametric Technology; Needham, Massachu-
setts) along with three-dimensional mannequin models 
(ManneQuin PRO, NextGen Ergonomics; Pointe Claire, 
Canada) were employed to this aim.

The ergonomic study led to the implementation of 
three discrete settings (small [S], medium [M], and large 
[L]). The S size is associated to the 25th percentile 
female, the M size to the mean between the 50th percen-
tile male and 50th percentile female, and the L size to the 
75th percentile male. Since the difference between the 
ideal anatomical angles and measured angles is ±0.5°, the 
setting of the device to these percentiles can be carried 
out without significant errors.

The percentile values corresponding to the S, M, and 
L sizes lay on an inclined line. Contact between the foot 
and the platform, as well as maintenance of the two pos-
tures, is possible. Performing isometric measurements for 
subjects with different anthropometrical sizes is feasible, 
and the required adjustments are easy to perform, accom-
plishing the main goals of the ergonomic design.

Design and Development of Device
Based on anthropometrical and mechanical require-

ments, different design solutions were analyzed. The ini-
tial design stage was focused on employing a single 
platform equipped with two sensors for recording F/T 
data from both feet. Two solutions were critically ana-
lyzed: one consisting of a single platform provided with a 
shifting mechanism for adjusting the toe sensor to 
impaired side, and one considering the foot sizes, brought 
to the development of a double-sized symmetric platform 
for the impaired side, including a shared area where the 
great toe of both feet can be placed. The need for repeat-
able measurements led to elimination of the former solu-
tion. The latter solution was validated using a mock-up 
(Figure 2); the area of the sensor assigned to F/T 
measurements from the great toe is delimited by the red 
rectangle. Ease of use and stiffness represent the main 
advantages of this solution; moreover, adjustments are 
not required for positioning the great toe.

Three solutions were analyzed for processes in which 
the user is asked to lift the heel. The lack of contact 
between heel and platform characterizes one of these 
solutions. Close interaction with rehabilitation experts 
led to the conclusion that the heel does not need to be 
sustained by a platform.

Bases with continuous or discrete adjustments were 
identified as solutions for fitting the different anthropo-
metrical sizes. As previously described, the adoption of 
three discrete settings resulted from the ergonomic analy-
sis. Figure 3 shows a sketch of the process among differ-
ent design solutions.

Base embedding of (1) horizontal and vertical rails, 
(2) a pipe-based sliding mechanism, and (3) a rail-based 
sliding mechanism were developed to solve adjustment 
problems. A double adjustment to fit the different heights 
of patients allows the operator to change the position of 
the platform using both the vertical and the horizontal rail 
in order to fix it in the appropriate setting. The second and 
third solutions are characterized by a sliding mechanism 
that allows the operator to perform a single adjustment. 
The mechanical structure of the second solution is based 

Figure 2.
First version of mock-up. Red line shows measuring platform for 

both sides and common position of great toe. © 2006 IEEE. 

Reprinted with permission from Mazzoleni S, Micera S, Romag-

nolo F, Dario F, Guglielmelli E. An ergonomic dynamometric foot 

platform for functional assessment in rehabilitation. Proceedings of 

the First IEEE/RAS-EMBS International Conference on Biomedi-

cal Robotics and Biomechatronics; 2006 Feb 20–22. p. 619–24.
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on metallic pipes arranged on a triangular shape. The slid-
ing mechanism in the third solution is achieved by plac-
ing two rails on corresponding triangular lateral walls. In 
both cases, the platform can be moved up and down along 
the inclined side. The requirements for elevated robust-
ness, reduced encumbrance, ergonomic constraints, 
usability, and safety led to the choice of the rail-based 
sliding mechanism as the final design choice. Figure 3
shows the three versions of the final design concept, 
developed during an iterative approach.

An early prototyping technique was used: two models 
in polyvinyl chloride (PVC) were manufactured, validated 
by real patients and rehabilitation experts, and modified. 
The final version, manufactured in aluminum, emerged 
from the initial two mock-ups. The first version of the foot 
platform, though rather bulky, was simple and robust. The 
distance between the user and the device was 690 mm.

A second version was developed to reduce the opera-
tor’s physical effort while setting the device by redesign-
ing the sliding mechanism and by providing a 
counterbalance mechanism. The distance between the 
user and the device was 600 mm. Starting from remarks 
obtained from rehabilitation experts, we redesigned the 
final version of the device. Its structure is robust and not 
bulky. The two sloped surfaces and the platforms can be 
pushed back to be set in position 2. The distance between 
the user and the device is 580 mm. Different views of the 
foot platform with dimensions are shown in Figure 4.

The different heights of the mechatronic device from 
the floor for the three discrete settings are height (H)1 = 168 
mm for the L size, H2 = 204 mm for the M size, and H3 = 
240 mm for the S size. The difference between the height of 
the user from the foot platform (HU) and the height of the 
device from the floor (i.e., HL = HU – H1 = 412 mm, HM = 
HU – H2 = 376 mm, HS = HU – H3 = 340 mm) complies 

Figure 3.
Design process for mechatronic platform ADD = Alladin Diagnostic Device.
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with the anthropometrical data in the specified range of 
population [27] and keeps the foot in contact with the plat-
form during the isometric measurements. Thanks to the 
design choices, usability was improved and manufacturing 
was simpler. A gas spring was inserted as a counterbalance 
mechanism in order to provide a smooth movement when 

changing the setting to fit the patient’s size. This choice 
reduces the operator’s effort.

Functional Specifications
The device is capable of recording F/T data during 

isometric exercises. Two 6-axis sensors are embedded 
into the platform: the former measures F/T from the foot 
and the latter from the great toe. To this aim, commercial 
sensors were used (50M31A-I25 for the foot and 
90M40A-I50 for the great toe, JR3 Inc; Woodland, Cali-
fornia). The sensors’ technical specifications are shown 
in Table 1. The sensors are monolithic aluminum devices 
containing analog and digital electronic systems. Data are 
transmitted to the receiver electronics in a synchronous 
serial format. A commercial digital-signal-processing-
based force sensor receiver board provides 6 degree-of-
freedom F/T data; each sensor can provide digitally fil-
tered data at 8 kHz per channel.

A custom driver enables configuration of the receiver 
boards and reading of the F/T data. It also provides buff-
ering of the acquired data. Buffering is essential for the 
proper acquisition of F/T since receiver boards buffer 
only the very last sample for each sensor. The sampling 
frequency for the foot platform is 100 Hz. A software 
application was developed for setup and integrity check-
ing of the sensors. It is used during initial setup of the 
system and in case the data acquisition module reports an 
error (i.e., a sensor not plugged correctly into a receiver 
board). During setup of the diagnostic device, the soft-
ware application is also used to read the serial number of 
F/T sensors.

The device is composed of two sloped surfaces and a 
sliding base platform. Two platforms are placed on the 
base platform. One features two sensors measuring the F/T 
from the impaired foot, and the other sustains the unim-
paired foot. The base platform can be moved along the two 
sloped surfaces so that the requested posture can be main-
tained during adjustments for fitting the patient’s size. The 
base platform can be pushed up or down along the sloped 
surfaces and secured with two fastener knobs (one for each 

Figure 4.
(a) Lateral view, (b) frontal view, and (c) top view of foot platform

with dimensions expressed in millimeters (H is variable height 

for three different settings).

Table 1. 
Basic characteristics of 6-axis force/torque sensors.

Description
Lateral Forces

(Fx, Fy)
(N)

Axial Force
(Fz)
(N)

Torques
(Tx, Ty, Tz)

(Nm)
Type-Foot 400 800 25
Type-Toe 150 300 8
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side of the base platform). The change of the three settings 
can be carried out smoothly thanks to a gas spring counter-
balancing the base platform’s weight (Figure 5).

The device is capable of measuring F/T data from the 
right and left foot thanks to the implementation of an 
exchange mechanism between the two platforms. Simple 
and quick operations consisting of (1) locking/unlocking 
two fastener knobs, (2) exchanging the two platforms, 
and (3) pushing/pulling the foot platform for passing 
from position 1 to position 2 (and vice-versa) allow the 
operator to properly set the device.  

RESULTS  

The platform was incorporated into the Alladin Diag-
nostic Device [22], capable of measuring F/T data from 
eight body districts during isometric exercises (Figure 5). 
Table 2 shows the force values (foot and great toe sensor) 
during the ADL task “lifting a bottle” on nondisabled sub-
jects for comparison purposes. Table 3 shows mean force 

values (foot and great toe sensor) during the ADL task 
“lifting a bottle” on PSs, along with FM and MAS scores. 
Figure 6 and Figure 7 show the force values in PSs at 
admission, midtreatment, and discharge measured from 
the foot and great toe, respectively. Similar results were 
obtained from other ADL tasks. Recorded F/T data con-
firm that the requirements emerged during the design pro-
cess were completely satisfied:
1. F/T ranges comply with available data [28–29]. 
2. The sensors’ accuracy is enough to consider the different

anthropometrical sizes and weights of the recruited 
subjects.

Figure 5.
Foot device integrated into Alladin Diagnostic Device: (1) base 

platform, (2) fastener knob for horizontal movements, (3) fas-

tener knob for movements along inclined plane, (4) inclined wall, 

(5) supporting platform, (6) heel support, (7) velcro strips, 

(8) measuring platform, (9) great toe sensor, (10) foot sensor, 

(11) rail based sliding mechanism, (12) horizontal rails, (13) gas 

spring. Figure originally appears in Mazzoleni S, Toth A, Munih 

M, Van Vaerenbergh J, Cavallo G, Micera S, Dario P, Guglielmelli 

E. Whole-body isometric force/torque measurement for func-

tional assessment in neuro-rehabilitation: Platform design devel-

opment and verification. J NeuroEng Rehabil. 2009;6:38.

Table 2.
Mean force values from foot and great toe sensor during activity of 
daily living task “lifting a bottle” in seven nondisabled subjects

Side
Foot Sensor

(N)
Great Toe Sensor

(N)
Right 56.390 9.399
Left 61.019 7.251

Table 3. 
Mean force values and Fugl-Meyer (FM) and Motor Assessment 
Scale (MAS) scores from foot and great toe sensor during activity of 
daily living task “lifting a bottle” in 5 poststroke patients (PSs). 

Subject
Foot Mean 
Force (N)

Great Toe 
Mean Force (N)

FM MAS

PS01 (left)
    Admission 60.286 1.756 33 17

    Midtreatment 63.853 3.275 36 18

    Discharge 63.731 6.358 36 18

PS02 (left)

    Admission 42.055 14.032 28 16

    Midtreatment 41.695 9.697 32 18

    Discharge 64.521 11.165 34 18

PS03 (left)

    Admission 61.082 6.168 33 18

    Midtreatment 78.219 4.145 35 18

    Discharge 72.020 4.696 36 18

PS04 (right)

    Admission 56.147 10.257 20 13

    Midtreatment 53.434 4.607 34 18

    Discharge 57.703 3.785 36 18

PS05 (right)

    Admission 59.239 6.738 34 12

    Midtreatment 63.884 3.738 34 13

    Discharge 59.853 9.287 34 13
FM: lower limb range = 0–36.
MAS: Balance sitting + Sitting to Standing + Walking: range = 3–18.



956

JRRD, Volume 49, Number 6, 2012
The increasing trend in the F/T values measured from 
the foot of five PSs between admission (2–8 weeks after 
the stroke event) and discharge (25–32 weeks of physio-
therapy treatments) is accompanied by an increase in FM 
and MAS scores collected at the same times (except for 
FM and MAS scores that remain unchanged in PS05 and 
PS03, respectively).

A preliminary comparison between values recorded in 
PSs and nondisabled subjects showed that different trends 
can be observed because of high intersubject variability. 
For instance, PS02 showed an increase in forces between 
admission and discharge. At the end of treatment, the force 
value was close to the mean value recorded in nondisabled 
subjects. A similar positive trend was observed in PS01, 
although the initial force value was already close to that of 
nondisabled subjects.

Force values in PS03 at midtreatment and discharge 
were much higher than those recorded in nondisabled 
subjects. These high values could be related to possible 
motor compensation mechanisms, typical in PSs, which 
result in abnormal joint torque and force patterns.

The force values in PS04 and PS05 at admission and 
discharge were close to those recorded in nondisabled 
subjects, with substantial difference at midtreatment. In 
PS04, the value at midtreatment was lower than that 
recorded at discharge but lower than that at admission. In 
PS05, the value at midtreatment was higher than that at 
admission but even at discharge. A large experimental 
trial is needed to provide a clinical interpretation of data.

DISCUSSION

Measurements from the human foot during ADL tasks 
(e.g., reaching tasks) can provide important information to 
understand recovery mechanisms after an injury. The pro-
posed system complies with the presented clinical and 
functional specifications and allows recording of F/T data 
from the human foot and great toe. Moreover, the platform 
was accepted by the physiatrists and therapists who used it 
during the experimental trials.

The results show that the F/T signals from the foot and 
the great toe are characterized by different trajectories, both 

Figure 6.
Force values in five poststroke patients (PSs)  from foot sensor.
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in individuals with hemiparesis and in nondisabled subjects. 
Moreover, the recorded F/T measurements from the great 
toe are significant and within the physiological human 
range. The pilot data collected so far show differences 
between measurements from the foot and the great toe. 
Their clinical interpretation will be assessed by medical 
experts in the future. The preliminary outcomes demon-
strate that the device is capable of recording F/T measure-
ments representing ADL tasks. In any case, at this stage, it 
is not possible to make clinical conclusions on such a small 
amount of data. A large clinical trial has been planned that, 
alongside the sitting posture, will record forces in standing 
or quasistatic positions.

Starting from the data collected using the device, statis-
tical features characterizing clinical recovery can be 

extracted and used by data mining algorithms to provide 
probabilistic information about the motor recovery process.

We hypothesize that by tracking the effects of reha-
bilitation of the foot and great toe in PSs, milestones in 
the recovery process and predictive markers for func-
tional improvement in stroke can be discovered.

Possible uses of the foot device, which will be sus-
tained by future clinical studies, are—
  1. Isometric motor exercise. The execution of isometric 

exercises is often required by clinical procedures for 
assessment purposes. The foot device can also be 
used as biofeedback of F/T data recorded during iso-
metric exercises.

  2. Human-machine interface (HMI). The presented 
device can be used as innovative HMI for different 
applications in which the use of the foot is required, 

Figure 7.
Force values in five poststroke patients (PSs) from great toe sensor.
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e.g., pedal interfaces for games, guidance simula-
tions, and robotic systems for surgery.
This device can also be used in conjunction with vir-

tual reality environments for foot rehabilitation, as 
recently proposed for the upper limb [30].

CONCLUSIONS

This study presented a novel mechatronic device for 
recording F/T data under isometric conditions from the 
human foot during ADL tasks, along with experimental 
pilot data. The design and development process was 
accompanied by close interaction with medical research-
ers. The proposed platform can be used effectively in the 
functional assessment of PSs. The results presented in 
this study show high intersubject variability in the differ-
ent stages (i.e., admission, midtreatment, discharge). 
Future clinical studies will be able to identify motor 
recovery mechanisms in PSs through comparison with 
data recorded in nondisabled subjects. The foot platform 
is able to quantitatively describe ADL tasks. The plat-
form can also be used as a tool for motor therapy and 
foot-based HMI. The ergonomic features of the platform, 
which is able to collect foot and great toe F/T measure-
ments of PSs, facilitate the operators’ job in terms of time 
and physical effort.
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