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Introduction
Researchers have used the comparative method to identify relatively long and curved phalanges as two traits linked

to improve suspension. Longer fingers are argued to allow use of a wider range of substrate diameters, and phalangeal
curvature is argued to reduce bending stresses on these ever longer fingers (Jungers et al., 1997; Richmond, 2007).
However, two key observations in extant suspensory primates lead us to reconsider the functional role of longer, curved
fingers in suspensory mechanics:

In this study we examine the the functional morphology of the primate hand during suspension to clarify the links
between form and suspensory performance in extant and extinct taxa. The capstan equation provides predictions for
this study’s central question:
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Discussion 

In this study we developed a novel method for measuring both normal and tangential
forces along a circular substrate.

The distribution of normal and frictional forces along the hand-substrate contact match
predictions made by the capstan equation. Both normal and frictional forces decrease from proximal

to distal (Figs. 7, 8). Tangential forces therefore decrease exponentially with increased angle of contact (Fig. 9).
The capstan equation may provide a more useful framework for investigating the dynamics of the hand-
substrate contact than traditional approaches (e.g., Preuschoft and Chivers, 1993).

Longer fingers increase the included angle of contact on smaller substrates. Long, curved

fingers have traditionally been interpreted as adaptations to increase surface area of contact and allow the use
of larger supports. Results here suggest long fingers improve suspensory abilities by increasing the included
angle, θ, and suggest that primates should prefer smaller diameter branches whenever possible.
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Fig. 1 From Lubarda (2014). A flat belt wrapped
around a cylinder of radius R. The contact angle
between the belt and the cylinder is θ. The pull-
force (e.g., body weight, W, in Fig. 2) at right is
T2, and the hold-force at the left end of the belt
is T1. The coefficient of static friction between
the contacting surfaces is μ. The amount of body
weight , W, that can be supported for a given
amount of normal force, FN, exerted by the
fingers, increases exponentially with θ.

T2 = T1eμθ

In suspension, with 
bodyweight W,

T2 = W

and the summed normal force 
about the substrate, FN, is 

related to T1 as

T1 = (μ𝐅𝐍)
𝟐+𝐅𝐍

𝟐

and therefore

W = (μ𝐅𝐍)
𝟐+𝐅𝐍

𝟐 eμθ

Fig. 3 Subjects suspend by one hand from a
substrate covered in pressure strips. Each strip
was adhered to a slat that deforms under
tangential force (see Fig. 5), measured using
motion capture. This allows simultaneous
measurement of normal and tangential forces.
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Fig. 4 Each pressure strip captures the medio-lateral variation in pressures
along a transverse section of the hand moving proximal to distal at
approximately 2cm intervals. Total force (N) and pressure (kPa) along each slat
is extracted from the Pliance system measuring sum of FN along the entire strip.
The outline approximates the position of each slat on the hand.

Fig. 5 Using Vicon (x y z) coordinates, unloaded and
loaded angles for each slat were calculated from
vertical where: θdeformation = θloaded – θunloaded.
Additional experiments assessed the relationship
between angle of deformation and force.
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Fig. 9 Tangential force
decreases exponentially with
increasing angle of contact,
reaching an inflection point at
1π.
a. Stretch ratio by included
angle of contact for each trial
between 0.5π - 4π radians of
total contact at .5π increments.
b. Schematic of the
experimental set up showing
location of θπ around the
substrate.

Fig. 8 Normal force decreases distally. Shown is the
maximum force per strip, presented as a percentage of
the horizontal pressure strip maximum force per trial to
compare across subjects. Bars show the range.

(1) Suspensory hominoids prefer supports of a minimal diameter when choosing substrates in the
canopy (Hunt, 1991; Cant, 1992; Isler and Thorpe, 2003).

(2) Primates with different arboreal locomotor repertoires overlap substantially in relative
phalangeal length and degree of curvature (Jungers et al., 1997; Richmond, 2007; Deane and
Begun, 2008; Rein, 2011).
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How are forces distributed along the hand-substrate contact during suspension?
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Fig. 7 Frictional force decreases distally. Final angle of
deformation after full loading per slat presented as a
percentage of the horizontal slat deformation per trial to
compare across subjects. Bars show the range.

Fig. 2 Free body diagram of the
capstan equation during suspension.

Fig. 6 In a validation study, tangential forces were
measured as the strain in a latex hose on a 2” diameter
wood dowel. The hose was marked in 1cm increments
before loading with a 3.75 kg weight. The hose covered
an included angle of contact (θ) from 0.5π - 4π radians,
where each 1cm segment was measured after loading.
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