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Abstract Sport climbing is becoming increasingly popular,
but there is still a lack of specialized technologies and protocols
for its quantitative analysis. In the present study, we chose two
highly representative rest positions and we adopted task-speci ¢
force transducers to evaluate the distribution of contact forces at
different wall angles (slab, vertical, overhang). We recruited 16
climbers who repeated coded sequences. We observed a consistent
load transfer between the dominant hand and the feet varying
the positions and the wall angles. Load transfer is predominantly
homolateral as the wall angle changes, while load transfer is both
contralateral and homolateral as the position changes. Further
developments of the present study will include measurements of
muscle activation, utilizing surface electromyography sensors.

Index Terms  Sport climbing, Sensorized climbing holds, Load
distribution

I. INTRODUCTION

Sport climbing is transitioning from a niche to a mainstream
activity, and has been part of the Olympic Games since 2021. It
includes several disciplines (bouldering, lead climbing, speed
climbing). It is physically demanding as it involves several
muscles from both upper and lower limbs and the core
and requires the development of different physical abilities
(strength, endurance, speed, exibility, coordination), as well
as psychological skills and cognitive skills [1], [2]. Other
factors of complexity are the environment in which climbing
is practiced, characterized by heterogeneity in the shapes of
walls and holds, and verticality of the activity, which implies
the need for multiple points of contact between the climber
and the climbing wall [3].

A recently published review [1] reports methods and tools to
quantitatively analyze climbing performance. Although many
different attempts have been conducted to investigate physio-
logical aspects and precisely assess the climbing performance,

This project was partly founded by Fondazione Cariplo and Regione
Lombardia under project ActivE3 - Everyone, Everywhere, Everyday, and
by CAI under the Climbing Lab project.

979-8-3503-5145-3/24/$31.00 ©2024 IEEE

Susanna Rampichini
Dipartimento di Scienze Biomediche per la Salute
Universita degli Studi di Milano
Milano, Italy
susanna.rampichini@unimi.it

Alessandro Colombo

Dipartimento di Elettronica, Informazione e Bioingegneria

Politecnico di Milano
Milano, Italy
alessandro.colombo@polimi.it

there is a general lack of specialized technologies and method-
ologies ensuring speci c¢ task-oriented protocols.

One possible approach to a quantitative analysis of sport
climbing is to use a sensorized climbing wall. This means that
holds are equipped with sensors, typically force transducers, to
measure the contact forces. Contact forces are useful to explain
the distribution of body weight between limbs, strategies of
adaptation and re-establishment of equilibrium, adjustments
to external perturbation or voluntary hold release [4]. In
some cases, force transducers are placed between the wall
and the hold [3], in other cases they are xed behind the
climbing wall [5], [6], so that there are no visible differences
between instrumented and non-instrumented holds. Examples
of applications are studies of equilibrium [4], [7], [8], or the
evaluation of mechanical parameters (e.g. contact time, force,
impulse, ratio of tangential to normal force) in high-level
athletes [8], [9].

In the present study, we adopted recently developed task-
speci c force transducers [6] to evaluate the distribution of
contact forces in two typical rest positions. Although sport
climbing movements are dif cult to standardize, a climbing
exercise can be seen as an alternating series of movements
and rest positions, where the latter take up most of the exercise
time. We therefore chose to investigate force distributions over
the same three holds while adopting two highly representative
rest positions at different wall angles.

Il. MATERIALS AND METHODS
A. Experimental setup and participants

We recruited 16 climbers (8 males and 8 females, age 26
7 years, height 1:71  0:06 m, body mass 66 9 kg), with
prior climbing experience of at least three years and with a
minimum level of climbing ability of 18 for females and 19
for males in the IRCRA scale. All the subjects were right-
handed. The protocol was approved by the Ethics Committee
of Politecnico di Milano. Participants were informed about the

99

Authorized licensed use limited to: UNIVERSITA DEGLI STUDI DI MILANO. Downloaded on March 26,2025 at 14:07:02 UTC from IEEE Xplore. Restrictions apply.



treatment of personal data and signed a declaration of consent
prior to the experimental acquisitions.

We acquired contact force measurements from the sen-
sorized climbing wall by means of sensors developed by
Colombo et al. [6], which incorporate a triaxial load cell into
a hold placement. One end of the sensing element is equipped
with a wooden disc with an M10 hole that allows the mounting
of a standard climbing hold. The climbing wall complies with
the norm EN 12572-2. We placed six identical 0:06 m deep
crimps on the climbing wall and equipped each one with
a sensor. The hold geometry is shown in Fig. 1. The two
lower holds served as foot placement and were arranged at a
horizontal distance of 0:46 m, respectively. We positioned two
other pairs of holds for hand placement 1:44 m and 1:62 m
above. The three pairs of holds were vertically aligned.

Fig. 1: Hold geometry (measures in mm). We used six identical
holds xed to the climbing wall.

B. Test protocol

We studied two different rest positions. Climbers placed
the feet on the lower holds and the dominant hand on one
of the upper holds, depending on their height. One position
was characterized by fully extended legs and exed dominant
arm (UP), while the other by bent legs and extended dominant
arm (DOWN). The non-dominant arm rested on the body side
during UP, and in front or behind the trunk without leaning on
the legs during DOWN. Three holds were used while keeping
the position, and the one related to the non-dominant arm
could be used only as a support while changing the position.
Subjects had to use the same hold for the dominant hand and
feet in both positions. The two positions are shown in Fig. 2.

After a familiarization period, climbers alternated 5 repeti-
tions of UP and 5 repetitions of DOWN, with 30 seconds of
recovery time in between. Each repetition lasted 10 seconds.
This sequence was repeated twice for each wall angle, at
5 (SLAB), 0 (VERTICAL), and 5 (OVERHANG) degrees
from vertical. Subjects always started with OVERHANG,
while the order of the other two wall angles was randomized.
We de ned the transition phase as the time interval during
which the subject is taking a position, the static phase as the
time during which the climber is holding the position, and
the recovery phase as the time spent on the ground between
repetitions. 3D force vectors on the three holds were sampled
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at 50Hz, then hand and feet force (HAND-FORCE, R-FOOT-
FORCE, L-FOOT-FORCE) were computed as the magnitude
of the mean force vector during the static phase of UP and
DOWN, normalized by body weight:
1 9
kFik = —
mg

(Fx)? + (Fy)? + (F)? 1)
where i = fHAND;L FOOT;R FOOTg, m is the
subject’s body mass, and g is the gravitational acceleration.
Total feet force (TOT-FEET-FORCE) was computed as the
sum of R-FOOT-FORCE and L-FOOT-FORCE:

O]

Combinations of the two rest positions and the three
wall angles compose six possible scenarios: UP-SLAB,
UP-VERTICAL, UP-OVERHANG, DOWN-SLAB, DOWN-
VERTICAL, DOWN-OVERHANG.

Fror reeTr =KFL rooTk+kFr rooTk:

C. Data analysis

For each case (scenario, subject, hold), we tested the re-
liability (ICC> 0:5) of the force measurements over the 10
repetitions, and excluded from the dataset the cases that were
not reliable. We then computed the average values of the
10 repetitions for each case and removed outliers using the
Matlab function robustcov (The MathWorks Inc., MA, USA).
A Shapiro-Wilk test veri ed the normality of the distribution
of the averaged forces, and a two-way ANOVA for repeated
measures (factor: position; level: wall angle) was performed
using IBM SPSS Statistics (IBM Corp., NY, USA) on the
average values for each scenario. The level of signi cance
was set at = 0:05.

I1l. RESULTS

Forces in the six scenarios are normally distributed, except
for a slightly non-normal distribution for HAND-FORCE (UP-
VERTICAL).

Before averaging the data over the 10 repetitions, we
veri ed that the repetition (values 1; :::; 10) is not a signi cant
variable in any scenario. This means that no adjustment
mechanism is observed within the same acquisition. Mean
values of the contact forces are reported in Table 1.

A. Load distribution between hand and feet

We rst checked for signi cant changes in contact forces
when changing one of the factors (position, wall angle),
while keeping the other constant. We observed that HAND-
FORCE and TOT-FEET-FORCE are signi cantly dependent
on wall angle (Table II) and position (Table IlI). L-FOOT-
FORCE is signi cantly dependent on position (Table I1I),
and independent of wall angle (Table II). R-FOOT-FORCE is
signi cantly dependent on position (Table I11) and wall angle
(Table 11).

In more detail, HAND-FORCE is larger in DOWN than in
UP, and increases as the wall angle decreases from SLAB to
OVERHANG (Fig. 3a). TOT-FEET-FORCE shows an opposite
trend: it is larger in UP than in DOWN and decreases as the
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Fig. 2: Two different resting positions: (a) UP; (b) DOWN.

TABLE I: Mean values, normalized by body weight, of the contact forces as a function of the scenario (mean — standard

deviation).
Scenario HAND-FORCE TOT-FEET-FORCE L-FOOT-FORCE R-FOOT-FORCE
SLAB 0.02-0.01 1.01-0.02 0.55-0.04 0.45-0.04
up VERTICAL 0.10-0.01 0.95-0.02 0.55-0.04 0.39-0.04
OVERHANG |  0.20-0.02 0.88-0.03 0.52-0.06 0.35-0.04
SLAB 0.34-0.05 0.71-0.07 0.34-0.03 0.36-0.05
DOWN VERTICAL 0.39-0.05 0.67-0.07 0.34-0.03 0.33-0.05
OVERHANG |  0.44-0.05 0.64-0.07 0.33-0.04 0.30-0.04

wall angle decreases from SLAB to OVERHANG (Fig. 3b).
In all cases, we observe a signi cance with p< 0:001, except
for the difference between DOWN-VERTICAL and DOWN-
OVERHANG for TOT-FEET-FORCE (p = 0:002). Notice
that some values of TOT-FEET-FORCE are greater than 1,
especially for UP-SLAB, and this is due to the way in which
forces were calculated, and to the fact that we normalized by
body weight (a vertical force), while contact forces also have
components orthogonal to the vertical direction.

R-FOOT-FORCE and L-FOOT-FORCE separately show a
different behavior. L-FOOT-FORCE is larger in UP than in
DOWN (Fig. 3c), and is independent of wall angle (Table II).
R-FOOT-FORCE is larger in UP than in DOWN and decreases
as the wall angle decreases from SLAB to OVERHANG (Fig.
3d). Regarding R-FOOT-FORCE, in all cases, we observe
signi cance with p < 0:001, except for the difference between
UP-VERTICAL and UP-OVERHANG (p = 0:026), be-

tween UP-VERTICAL and DOWN-VERTICAL (p = 0:004),
and between UP-OVERHANG and DOWN-OVERHANG
(p = 0:021).

L-FOOT-FORCE is generally higher than R-FOOT-FORCE.
Considering the overall means is: L-FOOT-FORCE = 0:441
(0:009), and R-FOOT-FORCE = 0:365 (0:008) (different with
p < 0:001). Comparisons varying the scenario are shown in
Fig. 4, while mean differences varying the scenario are shown
in Table 1V. Irrespective of the wall angle, differences between
L-FOOT-FORCE and R-FOOT-FORCE are signi cant (p <
0:001) in UP, while are not signi cant in DOWN.

B. Load transfer between hand and feet

Summarizing what we described in Sec. IlI-A, we rst
noticed a load transfer between the upper limb and the lower
limbs when the scenario changes. Then, distinguishing R-
FOOT-FORCE and L-FOOT-FORCE, we observed that tran-
sition from UP to DOWN means a load transfer from both
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Fig. 3: Variation of (a) HAND-FORCE, (b) TOT-FEET-FORCE, (c) L-FOOT-FORCE, and (d) R-FOOT-FORCE as a function
of the wall angle. Colors represent the wall angle: OVERHANG (blue), VERTICAL (red), SLAB (yellow). The values given

on the y-axis refer to the average values for each position.

Fig. 4: Comparison between L-FOOT-FORCE (blue) and R-
FOOT-FORCE (red), as a function of the scenario.
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the left foot and right foot to the hand, while a wall angle
transition from SLAB to OVERHANG implies a load transfer
between the right foot and the hand.

IV. CONCLUSIONS

We performed a test protocol composed of static phases,
transition phases, and recovery phases. Our analysis concerns
contact force values recorded during the static phase. We
chose two typical resting positions, one with extended legs
and exed arm, and the other with bent legs and extended
arm. We tested these two positions at three wall angles (slab,
vertical, overhang). While keeping the position, climbers used
three holds, then we acquired three force measurements. The
holds were located at three vertices of a rectangle.

Focusing on feet, the force on the dominant hand side (right)
is generally lower than the opposite-side force (left). This is
true in all but one scenario and strongly signi cant in the
standing position. This nding objectively con rmed what is
considered good practice in climbing, i.e. in case of only three
holds available, loading the lower limb opposite to the grasping
hand allows to better stabilize the body attitude.
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TABLE II: Differences between the mean values of contact
forces, normalized by body weight, as a function of the wall

angle.
Position Wall angle Wall angle Mean difference
(i) G) (Std. error) (i j)
SLAB VERTICAL -0.077 (0.002) <0.001
w | UP SLAB OVERHANG -0.175 (0.005) <0.001
9 VERTICAL OVERHANG | -0.098 (0.005)  <0.001
< SLAB VERTICAL -0.044 (0.006) <0.001
T |powN sLAB OVERHANG | -0.092 (0.008)  <0.001
VERTICAL OVERHANG -0.047 (0.005) <0.001
. SLAB VERTICAL 0.059 (0.004) <0.001
oo SLAB OVERHANG 0.133 (0.009) <0.001
8 VERTICAL OVERHANG 0.074 (0.006) <0.001
"|_'-‘ SLAB VERTICAL 0.037 (0.006) <0.001
|C_) DOWN SLAB OVERHANG 0.072 (0.011) <0.001
VERTICAL OVERHANG 0.035 (0.008) 0.002
SLAB VERTICAL 0.002 (0.008) 1.000
w | UP SLAB OVERHANG 0.033 (0.014) 0.116
'6 VERTICAL OVERHANG 0.030 (0.012) 0.089
8 SLAB VERTICAL 0.005 (0.005) 1.000
1| DOWN SLAB OVERHANG 0.011 (0.008) 0.558
VERTICAL OVERHANG 0.006 (0.006) 0.947
SLAB VERTICAL 0.056 (0.008) <0.001
w| UP SLAB OVERHANG 0.095 (0.016) <0.001
5 VERTICAL OVERHANG 0.039 (0.012) 0.026
2 SLAB VERTICAL 0.026 (0.003) < 0.001
x| DOWN SLAB OVERHANG 0.052 (0.005) <0.001
VERTICAL OVERHANG 0.026 (0.004) <0.001

TABLE III: Differences between the mean values of contact
forces, normalized by body weight, as a function of the

position.
Wall angle Mean difference (Std. error)
(UP) - (DOWN)

SLAB -0.320 (0.016) <0.001
HAND-F. | VERTICAL -0.286 (0.015) <0.001
OVERHANG -0.236 (0.018) <0.001
SLAB 0.305 (0.018) <0.001
TOT-FOOT-F. | VERTICAL 0.283 (0.019) <0.001
OVERHANG 0.244 (0.020) <0.001
SLAB 0.298 (0.011) <0.001
L-FOOT-F. | VERTICAL 0.211 (0.014) <0.001
OVERHANG 0.186 (0.012) <0.001
SLAB 0.089 (0.020) <0.001
R-FOOT-F. | VERTICAL 0.059 (0.016) 0.004
OVERHANG 0.046 (0.017) 0.021

TABLE IV: Differences between the means of L-FOOT-
FORCE and R-FOOT-FORCE varying the scenario.

. Mean difference (Std. error)
Wall angle  Posit
aiangle  FOSIION | | FOOT-F) - (R-FOOT-F)
uP 0.115 (0.021) <0.001
SLAB
DOWN -0.010 (0.020) 0.627
vermeaL P 0.155 (0.024) <0.001
DOWN 0.014 (0.018) 0.481
overnanG P 0.155 (0.024) <0.001
DOWN 0.028 (0.016) 0.117

Then, we recognized a general strategy as the scenario
changed, namely a load transfer occurs between the upper limb
and lower limbs. Surprisingly, when the wall angle changes,
the strategy is predominantly homolateral, with load transfer
between the hand (right) and the same-side foot (right).
However, changing the position involves both a homolateral
and a contralateral adaptation, with load transfer between the
hand (right) and both feet.

The ndings of the present study represent an important step
in evaluating climbing strategy and body kinematic adaptation
in two common climbing poses. Limiting the analysis to
the contact forces gives information about the movement of
the body mass, but nothing can be concluded about muscle
activation and fatigue. The next step in this study will have
to involve the integration of the presented data with SEMG
signals, to investigate muscle activation. Furthermore, we can
perform a motion analysis using video recordings.

Results from this preliminary study, along with the technol-
ogy presented, can provide useful information to sports sci-
ences and motor control specialists in evaluating the athlete’s
strategy and optimizing training protocols.
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