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We describe the design of a modular sensorized climbing wall for motion analysis
in a naturalistic environment. The wall is equipped with force sensors to measure
interaction forces between the athlete and the wall, which can be used by
experienced instructors, athletes, or therapists, to gain insights into the quality of
motion. A specifically designed triaxial load cell is integrated into each hold
placement, invisible to the climber, and compatible with standard climbing
holds. Data collected through the sensors is sent to an app running on a
portable device. The wall can be adapted to different uses. To validate our
design, we recorded a repeated climbing activity of eleven climbers with varying
degrees of expertise. Analysis of the interaction forces during the exercise
demonstrates that the sensor network design can provide valuable information
to track and analyze exercise performance changes over time. Here we report
the design process as well as the validation and testing of the sensorized
climbing wall.
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Introduction

Sport is the quintessential domain of body feeling and emotional thinking, diametrically

opposite to the abstract thinking of mathematics. Despite this, quantitative thinking has long

been leaking into sports, starting from early attempts to rationalize and statistically analyze

performances in major sporting events: think of the famous Moneyball events of the early

’90, which have their roots in E. Cook’s work (1). Sports analytics is now becoming a

global trend, fueled by success stories in most major sports as well as by the availability

of miniaturized and wearable sensors, themselves a byproduct of Moore’s law and the

popularization of MEMS devices in smartphones (2). It feeds a growing market of

tracking and measuring devices with increasingly high performance and lower costs that

allow athletes or practitioners to monitor performance, analyze improvements, and gain

motivation. These technologies can be wearable (3, 4) or integrated into the sporting

equipment (5, 6), depending on the domain and measuring requirements.

In this sporting data deluge, sport climbing has so far remained a relatively dry land.

This is mainly due to two factors: sport climbing has only recently started to become a

major trend (it entered the Olympic Games in Tokyo 2021), and it has been so far a low-

budget activity. Sports scientists have nonetheless attempted to introduce in climbing the

likes of the quantitative analysis that are now common in other sports. The physiology of

climbing has been investigated through experimental testing in high-level athletes since

the early ’90s (see (7) for a review of the early works). Quantitative analysis of climbing
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TABLE 1 An overview of the main requirements identified through the
interviews.

Requirements

(R1) 3-DOF force sensors, integrated into the wall, invisible from the climber side,
with M10 attachment compatible with standard climbing holds.

(R2) Sensor able to resolve 5N.

(R3) Force measurement range up to 1600N independently of point of application.

(R4) Recorded force signals should be synchronized, to allow composition and
comparison of signals between holds

(R5) The measured signals should be visualizable during or immediately after the
exercise on a portable device, expressed in kgf, and should be stored for subsequent
analysis.

(R6) The graphical interface should refer recorded signals to a positional
representation of the holds on the wall and should adapt to changes in holds and
sensors’ positions.
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movement and equilibrium was initially addressed in (8,9), and

later developed in (10–13). Finger strength, posture, and their

effect on climbing were investigated in (14–18). Finally, force

sensors were used to measure contact forces between athlete and

climbing wall (19–26), while body pose reconstruction from a

video stream was used in (27) to study climbing movement.

In most of the above studies that involve force measurements,

data was collected using commercial, general-purpose force sensors

adapted to fit the task (with the notable exception of (21,23)).

Furthermore, the sensor networks were designed for use in a

laboratory environment, meaning that in many cases the sensors

were visible to the climber and potentially altered the climbing

experience. The aim of these studies was to use or test the

viability of a laboratory measurement setup. As sport climbing is

transitioning from a niche activity to a mainstream sport, there is

growing interest in the design of a sensorized climbing wall with

scalable sensing technology (i.e., reasonable cost and low

complexity of assembly of a large sensor network), and a user

interface designed for coaches and athletes rather than engineers.

Means to acquire and analyze climbing motion may also benefit

athletes by way of improving the understanding of extremities

workloads and overuse. Shoulders and fingers are known to be

the most common injury site, and overuse is the most common

cause (28–30).

On this basis, through a set of co-design sessions (31–34)

involving climbers, climbing instructors, and physiotherapists, we

identified the requirements and we realized the first prototype of

a scalable sensorised wall that is suitable for usage out of the

university labs. In this paper, we report the outcomes of the co-

design sessions, and the details of the resulting design, including

the structure of the acquisition hardware and software that we

developed. We then report preliminary data obtained from

testing a prototype of the sensorized wall with 11 participants in

a simple climbing drill.
Methods

Analysis of the requirements

To guide the design of the sensorized wall we conducted eight

in-depth, semi-structured expert interviews (35). Six experts were

identified from the climbing field: two climbers, two climbing

instructors, and two physiotherapists. Two more experts were

selected from a research institute (engineers/climbers). They were

asked to share their personal context-specific knowledge instead

of providing official association statements (36). The qualitative

approach with semi-structured interviews provides open-ended

answers, not quantitative data. These interviews, and the needs

that we identified, were turned into design requirements (see

Table 1) through a further round of literature review and

interaction between the research team and the experts.

One of the common needs highlighted by the experts was to

obtain a quantitative measure related to weight distribution, and

more in general a measure directly or indirectly related to body

pose, and athletic and motor performance during regular
Frontiers in Sports and Active Living 02
climbing tasks in a variety of climbing scenarios, with a variety

of hold shapes and arrangements. This was however combined

with the need to avoid wearable devices and modifications to the

surface of the wall that could interfere with athletic gestures. To

meet this requirement, the main available options are camera-

based motion capture or force sensors embedded in the climbing

holds. The former could provide a direct measure of body pose,

while the latter provide more direct information regarding the

load distribution and may potentially convey information that is

more difficult to gather by the climbing instructor through direct

observation of the climbing exercise. For this reason we opted for

force sensors, though the integration of camera-based motion

capture was planned as a follow-up and is currently being

pursued. A potentially interesting solution was to integrate force

and grip pressure sensors in the holds. This, however, would

have meant modifying the holds structure: we would no longer

have been able to use standard climbing holds, and this would

have greatly restricted the variety of scenarios that can be

realized at a reasonable cost. Climbing instructors and

physiotherapists in particular highlighted the importance of being

able to use a wide variety of hold shapes and textures and to

easily replace or rotate holds on a climbing route. We, therefore,

chose to use force sensors integrated into the wall surface and

designed to allow the mounting of standard climbing holds with

standard M10 attachment screws. While (21) explored the

opportunity of using 1 or 2-Degrees-Of-Freedom (DOF) force

sensors to instrument a climbing wall, with the measurement

axes lying in the plane parallel to the wall, a full 3-DOF sensor

may provide more complete information regarding the pose of

the climber’s body. We, therefore, decided to follow the route of

a 3-DOF sensor, with a complete redesign of the sensor

geometry to limit costs and manufacturing complexity.

Our need-finding session also highlighted how a wall might be

used by novice and expert climbers, with an estimated body weight

ranging from 20kg for younger kids to 80 kg, which is the reference

weight of an adult climber in the EN norms on climbing

equipment. Physiotherapist also highlighted the potential interest

in using the wall during therapy for children with mild motor

disabilities, in particular hemiplegia. For this, sensors would need
frontiersin.org
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to resolve the force generated by the child’s affected side. We

estimated that a resolution of 5 N would allow resolving the force

generated by the arm of a child passively posed on a hold. The

measurement range thus should go from 5 N, to over 1600 N,

assuming a factor 2 in a dynamic load of an 80 kg climber. Note

that, like the 80 kg climber weight, the factor 2 was chosen in

accordance with the parameters used to define the structural

integrity requirements of climbing holds in EN 12572-3. Because

of the need to use the sensors in several exercises and to simplify

reconfiguration, the sensor design should also not need

recalibration when holds are changed, providing measurements

that are independent of the hold shape and size. Due to the

variety of commercially available hold shapes, this led us to

formulate a requirement that the sensing device should provide a

measure of the force vector that is as much as possible

insensitive to the point of application of the force on the hold.

Finally, in order to be able to compose data from multiple

sensors, the force signals should be synchronized and referred to

a common reference frame.

Concerning software requirements, an important aspect that

emerged from the needs expressed by all the experts was to

provide real-time access to the collected data, together with the

possibility to visualize it and perform subsequent statistical

analysis. The measured signals should be, therefore, visualizable

by the climber, climbing instructor, or physiotherapist, on a

portable device (smartphone, tablet, laptop), through an interface

that is simple enough to be used during or immediately after the
FIGURE 1

Prototype of the sensorized wall. The wall is composed of three modules sid
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exercise without technical training. Information gathered through

the sensors should also be represented so as to be understandable

by different users. As an example, the climbing instructors might

be interested in storing and analyzing the numerical load

information later. The climber might instead be interested in a

graphical, simplified, and real-time representation of the same

information. In both cases, referring signals to a graphical

representation of the wall was considered to aid interpretation.

We also found a preference for expressing forces in kgf as

opposed to N, which allowed simpler considerations regarding

body weight distribution. Finally, in order to comply with the

need to reconfigure the wall easily, data visualization and

sensors-related aspects of the application interface should easily

adapt to a change in sensor position, the addition or removal of

some sensors, or the repositioning of the holds on the wall.

Table 1 summarizes the main requirements that emerged

through this process.
Hardware implementation

At the time of implementing the design, we had the chance of

installing the sensorized wall in a public sporting center that caters

mostly to children aged 6 to 13yo. As a consequence, we decided to

size the structure for these users. The structure is composed of

independent modules (3 side-by-side, in Figure 1), each 1200 mm

wide and 2500 mm high, supported by a steel frame that allows a
e by side; in this case, only the central module is equipped with sensors.
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variable inclination of the wall of about 15� either side from the

vertical. The wall could of course be realized with taller modules

up to the maximum height of 4:5 m allowed by norm EN 12572-2

(37) with minimal changes to the design.

The steel frame, the 20 mm-thick plywood covering, and all

structural details were designed according to EN 12572-2. This

allowed us to open the wall to public use. The structure was

designed for outdoor use, and a cover was added to protect the

sensors from rain and to eliminate the possibility of young users

climbing over the wall.

In the wall in Figure 1, the central module is sensorized, while

the two side modules are not. Independently of whether a

sensorized or non-sensorized panel is mounted, the distance

between hold attachments is 230 mm horizontally and 180 mm

vertically, and holds are connected to the wall (or the sensors)

through standard M10 screws: the sensor was specifically

designed to provide standard M10 attachment for commercial

holds and to provide a sufficient frontal surface to fix holds up

to 200 mm in diameter securely.

To minimize noise and allow easy reconfiguration of the

sensors, we equipped each sensor with a dedicated data

acquisition board, itself custom-designed and equipped with a

6-channel analog to digital converter with 24-bit resolution and a

sampling frequency of 80 Hz (based on the AD7124-4 chip), and

a CAN bus interface (MCP2515). All sensors, therefore, behave

like independent nodes of a CAN network and can be mounted

and removed without any need to modify the hardware or

software configuration of the other sensors.

To minimize the production cost of the 3-DOF sensor we

redesigned the sensing element from scratch. The shape,

obtained from 20mm thick steel slabs, was designed to require a

single cut on a 2-DOF machine while providing easy access to

the surfaces that host the strain gauges, to simplify the process of
FIGURE 2

Sensor components, on the left, and a picture of a mounted sensor, taken from
and the strain gauges in black, the green and blue components are spacers, w
refers to the axes used in the sensor characterization, and the red point on the
are measured, as described in the Experimental Design section. In the pictur
attached to the sensing element.
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applying the strain gauges and electronics. The resulting design,

which is patent-pending, is reported in Figure 2. The shape of

the sensor and the placement of the strain gauges were optimized

through FEM analysis to provide good resolution over the range

of �5 to 1600 N and to withstand loads of up to 2400 N without

damage. This range was obtained by assuming the maximum

dynamic load of 1600 N, multiplied by a 1:5 safety factor. While

the sensor bends slightly under load, FEM analysis predicted that

during normal use (i.e., under loads of up to 1600 N) the hold

would move by less than 2 mm. The housing of the sensors in

the frontal panel was therefore designed to allow for this

displacement without contact between the sensing element and

the wall. The wooden disk, 80 mm in diameter, protrudes 2 mm

from the wall to avoid contact between the climbing hold and

the wall under the expected load range provides the surface

supporting the hold, and hosts a standard M10 fixing in the

center. These disks are clearly visible in the central panel in the

wall of Figure 1. Notice that, even though in principle high-level

climbers could use the 2mm step as an additional grip, during

our test this did not appear to be the case. Note that to mount

or move a sensor the user must access the back of the wall. The

mounting procedure is quite simple: the sensor is attached

through 4 screws, each sensor is equipped with its own

acquisition board, and power and data are brought to the

acquisition board through a 4-wire, hot-swappable, daisy chain

connection. Moving or adding a sensor thus requires attaching 4

screws and connecting the sensor as an arbitrary segment of the

daisy chain. When it came to building the sensors, the total cost

for the low-volume industrial production of a batch of sensors by

a load-cell manufacturer, plus the cost to have the custom-made

acquisition boards assembled by a PCB manufacturer was about

310C per sensor, in line with the low-cost (and 2-DOF)

implementation suggested in (21). These features satisfy (R1)–(R3).
behind the wall. In the drawing, the sensing element is represented in gray
hile the yellow component is a wooden disk. The green reference frame
top left of the figure is the reference with respect to which testing offsets
e, the box on the left encases the acquisition board and is permanently
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Software implementation

The goal of the software interface is to provide a structured tool

to quantitatively evaluate the performance of the climber in real-

time and to easily record and export data for subsequent analysis

with other software and to simplify the reconfiguration of the

sensorized wall, according to (R4)–(R6).

From the point of view of the software interface, the climbing wall

was set up as a server that provides data coming from the sensors, while

the software interface itself is a mobile application running on amobile

device. The server implements the data collection from the sensors

connected through the CAN bus. Data is then made available

through a Representational State Transfer (REST) web service and a

set of threads and queues. At any given time, a client can connect to

the REST service and download the latest data coming from the

sensors. The client side of the application is represented by a mobile

application running on a modern tablet. In our setup, we used an

Apple iPad in two different versions (Apple iPad Pro 10.200 2016, and
Apple iPad Pro 1300 2020), running iOS 15. The client app was

however written in React Native to allow a simple porting to

Android, and has been successfully tested on Android 12. We

defined this component as a REST service on the mobile side since it

was not possible to define a streaming API to retrieve data. For this

reason, the mobile application regularly polls the REST web service

to retrieve the data when the application is in recording mode, and

the REST web service packs the available data in a JSON structure

before returning it to the caller.

On the client side, the mobile application provides four main

environments:

† a Setup environment used to configure the sensor network

when sensors or holds placement is changed,

† a User Detail environment used to assign identification data to

an athlete before recording,

† a Data Acquisition environment used to record data

† a Data Management and Recording Analysis environment used

to visualize data and export it.

The Setup environment, shown in Figure 3, allows to define the

parameters needed to connect a tablet to the acquisition system

(panel A), to define the number of possible hold placements on

the sensorized wall, which are arranged on a regular grid (panel

B), to associate sensors and holds with specific placements (panel

C), and to define the group of holds that constitute a given

climbing problem, attaching optional tags to specific holds (panel

D). In particular, when associating sensors to placements, the

Setup environment allows to rotate of the sensor reference frame

(Figure 3C) so that the reference frames of all sensors are aligned,

with the x axis parallel to the horizontal edge of the wall and

pointing right, the y axis parallel to the vertical edge and pointing

up, the z axis pointing out of the wall. This allows having a

coherent framework for all sensors, which is necessary when

composing forces measured on different holds. After having

assigned a hold to a placement on the grid, the user can select a

visual representation of the hold from a menu of pre-defined

shapes (this menu and the corresponding configuration step are

not displayed in the figure). This helps to more easily relate the
Frontiers in Sports and Active Living 05
wall virtual representation, visible in Figures 3 and 5, with the

real wall, visible in Figure 7. Furthermore, as mentioned before,

the Setup environment allows attaching one or more user-defined

tags to the sensors (Figure 3D), to automate subsequent

classification and analysis in the Data Management and Recording

Analysis environment. In the tests that were performed for this

study, since we had dedicated distinct sets of holds to hands and

feet, we tagged as Hands the upper 5 holds and Feet the bottom

five ones (see Figure 3, bottom right panel).

The User Detail environment, in Figure 4, is used to insert user

data that will be attached to a recording. In particular, we decided

to include first and last names, age, height, and weight, the last two

being relevant to parametrize many biomechanical models. The

weight is also used in the Data Management and Recording

Analysis environment (Figure 6B), to visually compare the total

force expressed on tagged holds with the climber’s body weight.

The Data Acquisition environment, in Figure 5, is used to handle

data recording. It shows a schematic representation of the climbing

wall with the holds, positioned as defined through the Setup

environment, with an overlay reporting the measured forces in real-

time, and it allows to start and stop a recording and assign it a name.

The Data Management and Recording Analysis environment,

in Figure 6, proposes different views of the recorded data and

allows to export it in JSON format. Panel A shows the Data

Management menu, where recordings can be selected for

analysis, exported, or deleted. The other three panels show three

preview modes. Implemented preview modes allow to select an

arbitrary lowpass filter bandwidth, to visualize the magnitude of

the vector sum of all forces measured on holds with a given tag

(in our example: Feet and Hands, panel B), to visualize the

magnitude of the force measured on each hold (panel C), and to

visualize the three components of the force measured on each

hold (panel D, x in blue, y in red, z in green). In the last two

modes, the user can tap on a hold in the visual representation of

the grid, to highlight the corresponding set of plots. In the

screenshot, the central hold, in position x ¼ 3, y ¼ 8, has been

tapped and is highlighted in red, together with the corresponding

plots. Note that, in all these screenshots, forces are expressed in

kgf according to the experts’ preference. Data is however

recorded in N, and the analyses that we performed on the

exported data and report in later sections utilize SI units.

To bring client and server components together, we decided to

leverage a local WiFi network where both client and server are

connected. We opted for WiFi instead of Bluetooth as this

increases the possibilities in terms of deployment of the application

and does not require executing native code that needs to be signed

and distributed through Apple’s official channels (both for

production, development, and testing of the application). Such a

local network can, but does not have to, be connected to the internet.
Participants

In order to test the functionality of the hardware and software

setup in a realistic data acquisition session, we recruited a total of

11 adult climbers. The study was approved by the Ethics
frontiersin.org
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FIGURE 3

Setup environment. (A) wall address setup; (B) wall geometry setup; (C) association of sensors to placements on the wall grid; (D) definition of hold tags
and selection of holds that compose a climbing problem. In panel (C), the position coordinates of the placements originate in the lower left corner,
position (1, 1) being the lower left placement; xPos is the horizontal position, yPos the vertical one. Once a hold is placed on the grid, the same
environment displays a virtual representation of the wall and allows the user to assign a shape to the hold, chosen from a menu of pre-defined
shapes. This step of the setup is not depicted in the figure, but the virtual representation that ensues is visible in panel (D).

Colombo et al. 10.3389/fspor.2023.1114539
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FIGURE 4

User Detail environment. User data defined in this environment can be attached to a recording.
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Committee of Politecnico di Milano, and all participants read and

completed an informed consent form. We report in Table 2 their

declared years of climbing experience, and maximum redpoint

grade reached in the 3 years prior to the experiment, in the

French/sport scale (see e.g., (38) for a description climbing grade

scales). Climbers 5 and 6, classified as novice in the table, were at

their first experience on a climbing wall.
Experimental design

We initially characterized the force sensor performances on a

bench-top hydraulic tensile/compressive testing rig (MTS 858

Mini Bionix II) to evaluate sensor linearity, hysteresis, and

crosstalk, for loads directed along the sensor’s x, y, z axis. A

single sensor was tested. Force sensors are required to measure

the force vector irrespective of the point of application on the

hold, that is, irrespective of eccentricity. To test this, we loaded

the sensor in the x and y direction with an offset of 15 and 90

mm along the z axis from the hold attachment point, and in the
Frontiers in Sports and Active Living 07
z direction with an offset of 0 and 80 mm along the y axis (for

definition of coordinate system, see Figure 2). The results are

representative of the expected performance when using holds of

diameter up to roughly 180 and 58 mm thick, assuming the wall

thickness to be 20 mm, plus the 2 mm spacer. All tests were

performed with nominal loads FN ranging from 0 to 1600 N in

13 steps (0, 320, 640, 960, 1280, 1600, 1280, 960, 640, 320, 0 N),

covering the range of loads identified in the requirements.

Then, a total of 10 sensors (mechanical component and

acquisition board) were assembled and networked (only 10

sensors were available at the time of this testing). The network of

sensors was mounted on a wall (see Figure 7) with a front panel

adapted to host the 10 sensors in any one of 65 possible

locations, arranged in a 5 by 13 grid. The sensorless locations

were covered with a wooden lid equipped with standard M10

inserts, though for the purpose of our testing, only the

sensorized locations were utilized. Once the sensors were on the

wall, the APP setup time for the 10 sensors was less than 10 min.

The sensorized wall was then used as a platform for the

climbing exercise, during which data was acquired. All climbers
frontiersin.org
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FIGURE 5

Data Acquisition environment. (A) User selection; (B) live recording.
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were instructed to perform a short warm-up session on the ground

before starting the climbing exercise. The exercise consisted of a

circular circuit on the sensorized wall with a fixed sequence of

handholds, as depicted in Figure 7: climbers started with right

hand on 1R and left hand on 1L and had to move right and left

hand alternatively through the sequence 2R-2L-3R-3L-1R-1L,

which brought them back to the starting position. Feet

placements were not fixed to allow climbers to optimize their

moves as they practiced the circuit. The wall angle was set at 90�.
Climbers had no prior experience with the circuit before the test

and were instructed to repeat the circular circuit as long as they

could endure.
Results

Force sensor characterization

The results of the characterization of the sensor are reported in

Tables 3 and 4.

One further performance metric regards the noise

characteristic of the sensor. As mentioned before, the force

sensors sample at 80 Hz. Without further filtering, during lab

acquisitions, we measured a Gaussian noise (Kolmogorov

Smirnov one-sample test) with a standard deviation less than 1
Frontiers in Sports and Active Living 08
N. This suggests that the sensors will be able to resolve load

signals of amplitude well below 5 N with bandwidth below 40 Hz,

which is where we expect to find most of the information

generated by human motion.
Sensor network functional validation

All climbers reported that the slight movement of the holds due

to the sensor deformation under load, and the gap between the

hold and the wall, were not perceivable during the climb. The

acquisition app collected the simultaneous data streams from

the 10 sensors, sampled at 80 Hz, without data loss, as expected.

The drift in the time stamps attached to each data point by the

acquisition boards with respect to an external clock was not

detectable, throughout the length of the experiment. Measures

returned by each hold allowed to clearly discriminate the

direction and intensity of the force in relation to the task and

the position of the hold. See, as an example, Figure 8, relative to

the trial with Climber 4, which lasted about 9 min. Here, hold

2L was mostly loaded along the vertical axis, while holds 2R and

3R, which were used to move up and down between 1R/3L

and 2L, respectively, show a significant Fx-component, as one

would expect to balance the weight transition between feet.

Reference system alignment and prior tagging allowed for simple
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FIGURE 6

Data Management and Recording Analysis environment. Top to bottom and left to right: record selection, visualization of the magnitude of the vector
sum of all forces on holds tagged “hands” or “feet,” compared with climber body weight as inserted in the User Management environment, visualization of
the magnitude of the force measured on each hold, visualization of the three components of the force measured on each hold.
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FIGURE 7

Sensorized wall setup. The labels indicate the sequence of mandatory hand moves that was used in the test, as described in the Sensor network validation
Section.

Colombo et al. 10.3389/fspor.2023.1114539
post-processing of the data. In our test (see Figure 9) this allowed

us to compute the magnitudes jFhands(t)j and jFfeet(t)j of the vector
sum of the forces on all holds tagged Hands and Feet at time t, to
Frontiers in Sports and Active Living 10
discriminate the contribution of upper and lower limbs. A similar

process was followed for Figure 10, which displays the hands to

total force ratio R(t) , for the 11 test climbers, defined as
frontiersin.org
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TABLE 2 Climbers who participated in the test: years of climbing
experience and maximum redpoint grade in the last 3 years.

Climber Years of climbing
experience

Max lead redpoint
(French/sport)

1 6 7b

2 7 7a

3 15 8a

4 18 7c

5 novice -

6 novice -

7 4 5b

8 4 6a

9 10 6c

10 49 6c

11 11 6a

TABLE 4 Crosstalk errors with a nominal force ranging between 0 and
1600 N. Error bounds expressed as a percent of FN .

Applied force direction

x y z

Crosstalk Fx (%FN ) � 2.20 3.95

Crosstalk Fy (%FN ) � 2.75 1.09

Crosstalk Fz (%FN ) � 3.65 2.26

Colombo et al. 10.3389/fspor.2023.1114539
R(t) ¼ Fhands,avg(t)=(Fhands,avg(t)þ Ffeet,avg(t)): (1)

In the above formula, Fhands,avg(t) and Fhands,avg(t) are the moving

average, over a 60s window, of jFhandsj and jFfeetj, respectively.
Discussion

We have illustrated the design process of a complete

acquisition system for the analysis of climbing motion in a

naturalistic environment. The design needs were collected

through semi-structured interviews with 8 experts in different

fields, which were then processed into the requirements reported

in Table 1.

Through these interviews, we identified force sensors,

embedded in the climbing wall, as the most effective option to

provide complementary information to that which is typically

obtained by trainers or therapists observing a climbing exercise.

In order to obtain a robust system at a reasonable cost, we

engineered the force sensors from the ground up, leading to a

design that is illustrated and validated in the paper, that is highly

optimized for the task. The resulting design utilizes a sensing

element with simple geometry (to reduce costs) equipped with

strain gauges. A dedicated acquisition board is attached to each
TABLE 3 Linearity, hysteresis, and eccentricity errors with nominal force
FN ranging between 0 and 1600N. Error bounds expressed as a percent
of FN .

Fx (%FN ) Fy (%FN ) Fz (%FN )

Linearity � 0.16 0.21 0.14

Hysteresis � 0.23 0.17 0.23

Eccentricity � 0.40 1.79 0.84
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sensor, which becomes a node in a CAN network. This greatly

simplifies the task of moving sensors to different locations on the

wall, even though, to reach the level of simplicity that was

requested from our interviews, we believe that a wall with fixed

(and therefore numerous) sensors would be necessary.

A relevant unknown in our design was related to the impact

that the sensor deformation, and the 2mm step between the

sensor surface and the wall surface, would have on the climber’s

perception. After our tests, climbers reported not noticing any

difference with respect to a standard wall. It is however possible

that a high-level climber may use the 2mm step between the

sensor’s frontal surface and the wall as an additional grip,

especially for foot traction.

The interviews also highlighted how a simple user interface was

needed, to simplify both the reconfiguration of the climbing

exercises and the recording and visualization of the data. To

meet the requirements, we designed the acquisition system so

that it communicates all recorded data to an App that can be

run on a portable device, and we organized the App around 4

fundamental environments: Setup, User Detail, Data Acquisition,

Data Management and Recording Analysis. This structure maps

the user interface onto the main moments of the interface usage

(wall configuration, identification of the athletes, acquisition, and

data analysis, respectively), and allows the optimization of the

interface for the specific requirements of each of these moments.

To test the system we built a batch of 10 identical sensors, and

we characterized one using a hydraulic tensile/compressive testing

rig. Linearity and hysteresis were well below 0:3% over the full

measuring range. Moreover, measures changed by less than 1%

when force is applied with up to 90 mm of offset from the

attachment point, and the crosstalk is below 4% between all

channels. The performance is slightly inferior to that obtained

through other designs (e.g., (21)) but still adequate for most

purposes, with the great advantage of having a single-piece

sensor body, which simplifies production and reduces costs (for a

3-DOF sensor). Since we characterized a single sensor, it might

possible to observe some variability of these parameters within

the batch, though the industrial production process should

guarantee reasonable repeatability. Quantification of the inter-

sensor variability ought to be one of the next steps in the research.

We tested the acquisition system functionality by organizing a

realistic data acquisition campaign, involving 11 climbers. The

system setup, including the placement of the sensors and the

configuration of the wall, proved simple and relatively fast,

requiring approximately 10 min to configure the app with 10

sensors and place the holds.
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FIGURE 8

Force density plot on holds 2R, 2L, 3R, during the trial with Climber 4, which lasted about 9min. Heat map proportional to the total time a given force
value was measured on the hold.
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Climber 4, whose exercise was analyzed in detail as an example,

tended to load hold 2L heavier than holds 2R and 3R (Figure 8).

Hold 3R was typically loaded with a slightly negative Fx
component (i.e., pulling slightly to the left), while hold 2R was

loaded with a slightly positive Fx component. These observations,

unsurprising given the task, confirm that the resolution of the

sensor allows to discriminate the subtle differences in the way

the athlete loads a hold (in this case, three similar crimps) when
FIGURE 9

The two top panels display the magnitude of the total force measured on holds
9min. In the top panel, the force magnitude is plotted without prior filtering
shows the sum of the Fz components (orthogonal to the climbing wall, posit
pass filtered at 1=40Hz.

Frontiers in Sports and Active Living 12
executing different movements. Furthermore, the climber loaded

the handholds heavily at the beginning of the exercise (Figure 9,

top panel), but the magnitude of the force spikes on handholds

tended to decrease as the climber tired. There is, in other words,

a visible decreasing trend in the average force on handholds, and

an increasing trend of the average force on footholds, which is

confirmed in the central panel, which shows the same signals fed

through a lowpass filter with bandwidth 1=40 Hz (using Matlab’s
tagged Hands and Feet, during the trial with Climber 4, which lasted about
, in the central panel it is low-pass filtered at 1=40Hz. The bottom panel
ive outward) measured on all handholds (blue) and footholds (red), low-
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FIGURE 10

Hands to total force ratio R(t), defined in Eq. (1), for the 11 test climbers.

Colombo et al. 10.3389/fspor.2023.1114539
lowpass function with default parameters). The data shows the

climber’s clear tendency to gradually shift load from hands to

feet, in a trend that roughly lasts the whole of the first 4 min of

the trial. This was probably obtained by slightly changing the

pose, and by learning to keep the center of mass closer to the

wall. This hypothesis is supported by observing, in the lower

panel, the plot of the z components of the vector sum of all

forces measured by handholds or footholds. We can see that in

the first part of the climb, hands exert an Fz of nearly 200 N

(positive, i.e., pull out of the wall), which is balanced by an

opposite z component on the feet. Throughout the climb, as the

climber learns to hold the center of mass closer to the wall, these

two components decrease in magnitude.

Interestingly, and quite unexpectedly, this trend was common

to the tested higher-level climbers (advanced and elite level

according to the IRCRA reporting scale) but was less visible in

lower-level ones. Climbers 5, 6, 7, 8, and 11, whose plots are in

grayscale in Figure 10, were on the lower end of climbing

expertise according to their declared maximum redpoint grade

(Table 2, max lead redpoint �6a). Their exercises lasted between

48 s (climber 8) and 132 s (climber 5). The remaining,

higher-level climbers (Table 2, max lead redpoint �6c) remained

on the wall between 167 s (climber 9) and 659 s (climber 10),

and the plots of their R(t) are reported in color. We can observe

that the group of higher-level climbers started the exercise with a

higher R(t), which tends to decrease in time, appearing to settle

within a similar range as that of the lower-level climbers. In

other words, higher-level climbers appear to use upper-limb

force relatively more than lower-limb force at the beginning of

the exercise, contrary to the common belief that more

experienced climbers are better at optimizing weight distribution.

A quantitative assessment of this trend is reported in Table 5.

Data for the group of lower-level climbers is reported but grayed

out since the duration of their exercise is very short and,

consequently, the confidence intervals are relatively large. Among

the higher-level climbers, climbers 2, 3, 4, and 10 have asymptotes

(coefficient a) located between 0.24 and 0.29, with time constants

(�1=c) ranging between 56 s (1/0.018) and 188 s (1/0.0055). Their
Frontiers in Sports and Active Living 13
R(t), therefore, settles in a few minutes to a range that is close to

that expressed from the outset by the group of less experienced

climbers. This may indicate an effect of learning or fatigue.

Climbers 1 and 9 instead appear to follow a very different pattern,

though they still exhibit a decreasing trend. Even though the

primary objective of this study was to verify the feasibility of a

cost-effective measurement system for sport climbing that is

suitable to be used in a naturalistic setting (i.e., in a climbing

gym), and not to test a specific performance index, the data that

was collected during the tests, therefore, revealed some unexpected

features, which may be worthy of further investigation. A

systematic study, involving a larger sample size would be needed

to properly address this issue. More directly relevant to the

context of this paper, this observation was linked to a gradual

reduction of the z component (orthogonal to the climbing wall) of

the total force, indicating that climbers were gradually moving

their center of mass closer to the wall. This supports our choice of

reducing costs by simplifying the design of- 3DOF sensors, rather

than by recurring to 1 or 2-DOF sensors as suggested in (22),

which would not be able to discern forces in the z direction.

Overall, the design illustrated in this paper meets the

requirements that were identified during our interviews. The

resulting system is essentially transparent to the climber and

relatively simple to use. The limited cost of the sensors makes it

possible to sensorize a large number of placements at a reasonable

cost, thus reducing the need to physically move the sensors, which

proved to be the most time-consuming task when reconfiguring

the sensorized wall. The arrangement of the sensors in a CAN bus

network and the logical structure of the App simplify the handling

of multiple climbing problems defined over subsets of the sensors

network. A single CAN network is usually expected to work

flawlessly with up to about 40 different nodes or more, but the

server architecture on which our system is based can easily be

extended to handle multiple CAN buses. Thus, technically,

extending such an architecture to a few hundred sensorized holds

should be possible. A more relevant limitation is in the size of the

holds that can be mounted on the sensors. Modern sport climbing

is frequently using large volumes, and speed climbing uses holds
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TABLE 5 Coefficients of a nonlinear least square fit of the function aþ bect to the curves in Figure 10, 95% confidence interval bounds of the
coefficients, and the duration of the exercise.a

Climber a (95% C.I.) b (95% C.I.) c (95% C.I.) Duration (s)

1 �0.64 (�0.86,�0.43) 1 (0.79,1.2) �0.00038 (�0.0046,�0.0029) 343

2 0.25 (0.25,0.25) 0.16 (0.16,0.16) �0.0078 (�0.0078,�0.0078) 490

3 0.29 (0.29,0.29) 0.073 (0.072,0.073) �0.018 (�0.018,�0.018) 334

4 0.24 (0.24,0.24) 0.20 (0.19,0.20) �0.0055 (�0.0056,�0.0055) 540

5 0.25 (0.25,0.25) 0.11 (0.10,0.11) �0.033 (�0.034,�0.032) 132

6 �0.46 (�2.2,1.3) 0.76 (�0.97,2.5) �0.00070 (�0.0023,0.00094) 56

7 �0.72 (�13,12) 1.0 (�11,13) �0.00028 (�0.0038,0.0033) 101

8 0.19 (0.18,0.19) 0.099 (0.093,0.10) �0.020 (�0.023,�0.018) 48

9 �0.43 (�0.54,�0.33) 0.85 (�0.75,0.96) �0.0010 (�0.0012,�0.00089) 167

10 0.27 (0.27,0.27) 0.18 (0.18,0.18) �0.0091 (�0.0091,�0.0090) 659

11 �0.0092 (�6.7,6.7) 0.26 (�6.5,7) 0.00045 (�0.011,0.012) 55

aProvided that c is negative, a represents the asymptotic value of the interpolating function, while �1=c represents the time constant, i.e., it is proportional to the time

needed for the exponential interpolating function to approximately reach its asymptotic value.

Colombo et al. 10.3389/fspor.2023.1114539
that are much bigger than those for which our sensors were designed

and tested. These limitations notwithstanding, a public wall

equipped with a grid of sensors could provide climbing instructors

and therapists with a new and very valuable tool to complement

their observation, and help develop a more quantitative

understanding of the subtleties of climbing motion.
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