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Abstract

Hand strength data are needed to understand and predict hand postures and finger loads while 

placing the hand on an object or surface. This study aims to analyze the effect of hand posture 

and surface orientation on hand force while pressing a flat surface. Twelve participants, 6 females 

and 6 males ages 19–25, performed three exertions (100%, 30% and 10% MVC- Maximum 

Voluntary Contraction) perpendicular to a plate in 4 angles (−45°, 0°, 45° and 90° with respect 

to horizontal plane) at elbow height. Exertions involved pushing in two postures: 1) whole hand 

and 2) constrained to only using the fingertips. Inter-digit joint angles were recorded to map hand 

and finger motions and estimate joint moments for each condition. Participants exerted twice the 

force when pushing with whole hand vs. fingertips. 72–75% of the total force was exerted over 

the base of the palm, while only 11–13% with the thumb for exertions at 90°, 45° or 0° plate 

angles. Males maximum force for pushing at 0°, 45° and 90° plates averaged 49% higher than 

females for the whole hand and 62% for the fingertips (p<0.01). There was no significant sex 

difference (p>0.05) for the −45° plate. Thumb joint loads were generally higher than the other 

individual fingers (p<0.05) in all %MVC and accounted for 12% of total force during whole 

hand exertions. On average, joint moments were 30% higher during fingertip conditions vs. whole 

hand. Thumb and finger joint moment magnitudes when pushing the plate at 100%MVC indicated 

that Metacarpophalangeal (MCP) joint moments were higher (p<0.05) than Distal Interphalangeal 

joints (DIP) and Proximal Interphalangeal joints (PIP) under whole hand and fingertips conditions.
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Introduction

Hand strength data are needed to understand and predict hand postures and finger loads 

while placing the hand on an object or surface. Most available strength data are based on 

forces exerted between the fingers and the thumb or palm while gripping an object (Kargov 

et al., 2009; Zhou et al., 2011; Rosenbaum et al., 2009; Mathiowetz et al., 1985). However, 

in several cases the fingers’ force is exerted against an external surface instead of another 

part of the hand. These exertions could include only the fingertips or the whole hand, 

and are common in everyday activities, including when a person supports their body on a 

table, plays sports (e.g. football, sprinting and gymnastics), and many work activities (e.g. 

installing interior panels in automobiles; laying hardwood floors).

However, prior studies have focused on pushing while grabbing a handle or while grasping 

objects. Force exertion during pushing tasks had been evaluated while grabbing handles 

in different sizes (Seo et al., 2007), on fixed or variable heights (Chaffin et al. 1983; 

Hoffman et al., 2007) and different angles (Das & Wang, 2004). Additionally, previous 

studies have shown that hand placement is related to object and task factors. For instance, 

Rosenbaum et al. (1990) and Zhou et al. (2011) demonstrated that grip selection depends 

on prior specifications of object orientation. These studies suggest that relative joint loads 

and force distribution are related to hand placement when grasping objects. In this study, 

during exertions using either just fingertips or whole hand, the forces involve muscles that 

produce moments and loads about inter phalangeal joints making the hand and fingers flex 

against the surface. Those joint positions and loads determine hand strength capabilities and 

hand posture (Chaffin, 2008; Hara et al., 1992; Daams, 1993; Rancourt & Hogan, 2001; Di 

Dominizio & Keir, 2010).

Prior studies also show that maximum grip force capability occurs when there is a larger 

amount of area to distribute the force around the object, where finger and thumb forces work 

together against the palm region while grasping an object (Seo et al., 2007; Szychlinska et 

al. 2017). Seo et al. (2007) showed this by analyzing hand force distributions and resultant 

forces on different diameter cylinders. However, force distribution has not being analyzed 

while pushing a flat surface.

This study aims to examine how hand force exerted against a flat surface is affected by 

hand posture and surface orientation. Towards this end, this study investigates 1) the effect 

of orientation of a flat surface on finger force distribution and upper extremity posture, 2) 

force distribution between the fingers, and 3) hand-joint moment magnitudes while pressing 

the flat surface. Such hand strength data is necessary for hand posture and force predictions, 

which are used in several fields ranging from computer graphics to biomechanical and 

ergonomic assessments. It is hypothesized that 1) plate orientation will affect the magnitude 

of hand push forces, 2) whole hand push forces will he significantly higher than fingertip 

forces, 3) finger moments will be significantly higher for fingertip exertions vs. whole hand 

exertions, and 4) the larger the area to distribute the force, higher the grip forces similarly to 

results from Seo et al. (2007).
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Methods

To achieve the stated aim, a laboratory study was conducted on contact force distribution 

while pressing a flat surface using a whole hand vs. fingertips under −45°, 0°, 45° and 90° 

orientations and at 100%, 30% and 10% Maximum Voluntary Contraction (MVC).

Apparatus

Grip strength was measured with a Jamar® grip dynamometer at 49mm span, and thumb-

index finger pinch strength was measured with a B&L® pinch gauge (Mathiowetz et al., 

1985; Hamilton et al., 1992). Hand length was measured with a caliper (Gordon et al., 1989) 

with a caliper over their hand on a table with the fingers together.

An aluminum plate of 230 by 230 mm was attached to a force transducer with rotation 

about a single axis (Figure 1a). LabVIEW (National Instruments, Inc., Austin TX) at 60Hz 

was used to determine total normal force (F) and to ensure participants exert normal forces, 

discarding any friction forces. Data were averaged over 3s during maximum force exertions. 

A video display was placed in front of the participants to provide feedback by showing their 

normal force at 200ms intervals.

Normal contact forces and force distribution were evaluated using an I-Scan™ (Tekscan Inc., 

Boston, MA) at 60 Hz. Each pressure-mapping sensor has an effective sensing area of 111.8 

mm by 111.8 mm, which consists of an array of sensors that have the size of 2.5 mm by 

2.5 mm. Two sensors were placed side by side to cover a large area of the aluminum plate. 

The sensors were calibrated at pressures of 34.5kPa and 206kPa (5PSI and 30PSI) with 

weights and a rubber sheet in between to ensure the weight is evenly distribute on all pixels. 

Forces for palm, and digits proximal (PP), middle (MP) and distal (DP) were determined by 

segmenting force data in selected regions (Nicholas et al. 2012).

Four cameras and MaxTRAQ software (Innovision Systems, Inc.) were used to track 

markers on right hand, arm and shoulder joints (Innovision Systems, 2012; Figueroa et 

al., 2014; Yu, 2014; Zhou, 2013) to analyze joint locations and moments.

Participants

Twelve right-handed participants (6 males and 6 females), free of known movement 

disorders, gave written informed consent in accordance with IRB regulations to participate 

in this study.

Experimental Design and Procedure

Participants were instructed to perform three exertions (100%, 30% and 10%MVC) 

perpendicular to an aluminum plate in −45°, 0°, 45° and 90° pitch at elbow height (Figure 

1b). Exertions were performed for 3 seconds using 1) whole hand and 2) fingertips (Figure 

2). Fingertips exertions were constrained to the area of one pressure-mapping sensor. There 

were two replicates for each condition. Trials were blocked on plate orientation, with 

randomized selections between participants. Participants were allowed to become familiar 

with the tasks through practice sessions for each condition. Participants were instructed to 

try different postures and select the posture they felt more comfortable to obtain maximum 
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exertions, with the plate constraint at elbow height and to keep the hand within the area 

of pressure maps. Elbow height was measured with participant standing straight, with 

both arms straight down on the sides. First, participants were asked to perform maximum 

exertions (100%MVC). An average of the 100%MVC was used to record 30%MVC and 

10%MVC conditions. The order of force exertions was randomized within the block for 

30%MVC and 10%MVC. There was a minimum of two minutes of rest between exertions.

Reflective markers were attached to anatomical landmarks found by palpation. Specifically, 

they were placed on the lateral epicondyle, on the acromion process, on the ulna 

styloid process and radial styloid process, on the Metacarpophalangeal (MCP), Proximal 

Interphalangeal (PIP), Distal Interphalangeal (DIP) and Interphalangeal (IP) joints, and on 

the tip of each finger.

Vectors were defined between markers to compare postures among participants. Shoulder-

Elbow, Elbow-Wrist vectors were used to compute elbow angle (Figure 1b). Elbow angle 

was defined on the anterior side of the arm (Knudson, D. 2007) and the global angle 

of the segment was defined as negative θ (−θ) when facing downwards related to global 

Y-axis and positive θ (+θ) when facing upwards related to global Y-axis (Figure 1b). Linear 

distance from shoulder to tip of middle finger (Shoulder-to-D3) was used as a measure 

of arm straightness (Zhou, 2013). The linear distance between shoulder and wrist joints 

(SW) was used to measure the angle α  between the resultant force FY  (Figure 1b) and 

shoulder-to-wrist vector rSw . Where,

cos α = r−SW ⋅ F−Y

rSW FY

(1)

Moments M  at each joint k (k=1, 2 3 or 4 for DIP, PIP, MCP, and Wrist, respectively) were 

computed as the product of the force F n
 (n= DP, MP, PP and palm region) measured by the 

pressure-mapping sensor and the perpendicular distance rk
n of force (F n) to joint k (Seo et al., 

2007; Zhou, 2013)

Where,

M = MDIP MPIP MMCP MWrist

M =

MDIP
DP MPIP

DP MMCP
DP MWrist

DP

0 MPIP
MP MMCP

MP MWrist
MP

0 0 MMCP
PP MWrist

PP

0 0 0 MWrist
Palm

M =

F DP rDIP
DP F DP rPIP

DP F DP rMCP
DP F DP rWrist

DP

0 F PP rPIP
PP F PP rMCP

PP F PP rWrist
PP

0 0 F MP rMCP
MP F MP rWrist

MP

0 0 0 F Palm rWrist
Palm
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(2)

for whole hand condition and can be simplified to

M =
F DP rDIP

DP F DP rPIP
DP F DP rMCP

DP F DP rWrist
DP

0 0 0 0
0 0 0 0
0 0 0 0

(3)

for fingertips condition. Figure 2 shows a 2D-Body Diagram for moment at the MCP joint 

(MMCP).

Statistical Analysis

The independent variables in this experiment were sex, hand posture (fingertips/whole 

hand) and plate orientation. The dependent variables were grip/pinch/push force, hand force 

distribution, joint locations, and joint moments. Sex (female, male) data was aggregated for 

joint and force distribution.

ANOVA was used (MINITAB®) to compare the effect of force required (%MVC) on 

hand force distribution, finger placements and joint moments in fingertips and whole hand 

conditions. This analysis was also used to determine how resultant force was affected by 

plate orientation (−45°, 0°, 45° and 90°) by hand posture (whole hand vs. fingertips). The 

mean values for each main effect and simple interaction were computed and significant 

factors were determined. A paired t-test (MINITAB®) was used to find the mean of the 

differences conditions, and subsequently the standard error of their mean. The analysis 

was performed within and between blocks conditions. Bonferroni correction was used as a 

post-hoc test. Significance was set at p<0.05. The Bonferroni correction was alpha level (α) 

divided by the number of tests based on each condition testes.

Results

Force Exertions

Descriptive statistics of the participants are summarized in Table 1. Males consistently 

exerted more force than the females (except for the −45° pitch conditions). Average 

maximum force for pushing with whole hand at 0°, 45° and 90° plates was 49% higher 

than for female (p<0.01); average maximum for pushing with the fingertips was 62% greater 

for males than females (p<0.01) (Table 2).

Grip strength was 6.6 times greater than pinch strength (p<0.01). Grip strength (Table 1) 

was 4.6 and 7 times greater than flat hand and fingertips average maximums, respectively, 

while pushing in a downward and inward direction (−45°- Table 2). Grip strength was 2–3 

times and 4.2– 5.3 times higher than the average maximum push with the whole hand and 

fingertips, respectively, while pushing downward (0°- Table 2) and away from the body (45° 

and 90°- Table 2). Maximum thumb-index finger pinch strength (Table 1) was 0.7 and 1.1 
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times the average maximum force exerted down and inward at −45° (Table 2) with the whole 

hand and fingertips, respectively. Thumb-index finger pinch strength was about 0.4 times 

and about 0.7 times the average maximum force exerted with the whole hand and fingertips, 

respectively, at 0° 45° and 90° (Table 2).

Force Distribution per Hand Segment

Normal forces per segment for each orientation and each hand posture are shown in Table 

3. Thumb force was 12% of the total force when pushing with whole hand (p<0.05) and 

38% of the total force for pushing with the fingertips (p<0.01). The sum of finger forces 

(excluding thumb) corresponded to 62% of the total force for pushing with the fingertips, but 

only 15% of the total force for pushing with the whole hand. Seventy-three percent of the 

total force was exerted with the palm. When constrained to fingertips, the force exerted by 

the thumb increased by 37% and the sum of the force exerted by the fingers increased by 

50% (Figure 3) for all conditions (p<0.01).

Posture Analysis

Shoulder-D3 distances, while pressing a flat surface under whole hand posture per sex, are 

shown in Figure 4. The angle (α) between the resultant hand force (FY) and the vector 

corresponding to the linear distance between the shoulder and wrist joints (RSW) for 0°and 

90° orientations by sex, and hand posture are shown in Table 4. Angle (α) between resultant 

force (FY) and shoulder-to-wrist vector (RSW) was different in low %MVC vs. 100 %MVC 

(p<0.05) when pushing in both fingertips and whole hand conditions.

For the 0° condition, Females acquired a posture with shoulder abduction and negative 

elbow angle (Figure 1b, Figure 5) during fingertip posture at 100% MVC conditions, 

and a positive value for the rest of the conditions (Figure 1b, Figure 5). Males elbow 

angle involved shoulder abduction without significant change between force levels (p>0.05) 

((Figure 1b, Figure 5) during all conditions.

Joint Moments

Moments of the wrist, thumb and finger joints were calculated when pushing the plate in 4 

orientations (−45°, 0°, 45° and 90°) with fingertips and whole hand postures for 100%MVC 

exertions (Table 5).

On average, finger joint moment magnitudes were 30% higher when pressing with fingertips 

vs. whole hand postures (p<0.01). Wrist moments were 36% higher under 0°, 45° and 90° 

orientations and 50% lower under −45° orientation when pressing with fingertips vs. whole 

hand (p<0.05).

Thumb MCP moments were 65% and 63% higher than its IP joint during whole hand and 

fingertips, respectively (p<0.01). Wrist moment was 49% higher than MCP3 (p<0.01) and 

11% higher (but not significant) than MCP1 joints during fingertip exertions. For the rest 

of the fingers (index to little fingers), MCP moments were 70% higher than DIP and 34% 

higher than PIP during whole hand posture and 67% and 37%, respectively during fingertips 

posture (p<0.05).
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Discussion

This study was primarily concerned with exertions of the thumb, fingers and palm, which 

are in the same direction pushing on a flat surface. Hand strength measurements are 

typically based on maximum finger flexion against an object supported by the palm and 

thumb (Zhou, 2013; Salimi et al. 2003; Hamilton et al., 1992), a cylinder (Wu et al., 2012), 

or during push/pull tasks while holding a handle (Szychlinska et al., 2017; Nicholas et al., 

2012; Di & Keir, 2010; Seo et al., 2007; Das & Wang, 2004; Chaffin et al., 1983).

In power grip the fingers are flexed against an object supported in the palm (Szychlinska 

et al., 2017; Seo et al., 2007; Napier, 1956) so that the fingers forces act in opposition to 

the thumb and palm. When pushing with a flat hand, the fingers, thumb and palm all exert 

force in the same direction. In pinch grip the thumb acts in opposition with one or more 

fingers, where the thumb or opposing fingers limits strength (Budgeon et al., 2008). Pinch 

strength and pressing on a flat external surface with fingertips are biomechanically similar; 

in both cases forces are exerted with the distal portion of the fingers. When pressing a flat 

surface with the fingers and thumb, all are exerted in the same direction so that the average 

maximum force is related to the sum of individual fingers and the thumb. However, results 

from Tables 1 and 2 show that grip strength was considerably greater than both whole hand 

and fingertips average maximum push exertions.

This study shows that greater normal contact force can be exerted with the base of the 

palm than with the fingertips (Table 3, Figure 3) when pushing away from the body at 

45° and 90° or downward at 0° (Table 2). It also shows that more force can be exerted 

horizontally at 0° than downward at 90° (Tables 2 and 3), although horizontal forces are 

limited by shoe-floor traction (Fischer et al., 2013), hand-handle friction (Seo et al., 2010), 

anthropometry (Chaffin et al., 1983), balance (Rancourt & Hogan, 2001) and strength of the 

legs, trunk and upper limbs (Hoffman et al., 2007). Finger joints are the weakest links in 

the kinematic chain; unable to counteract the load moments produced by the DP segments 

maximum exertions away from the body. This explains the differences among forces for 

pushing with fingertips versus whole hand (Table 2). The ability of the body to exert force 

with the base of the palm is not limited by hand strength when pushing with the whole hand.

This study found that substantially more force is exerted away from the body at elbow 

height. It appears that participants were unable to use their body weight when they 

reached over the plate to push down in an inward direction (−45° Table 2). As a result, 

finger strength was not limiting and there were no significant sex differences between the 

maximum forces exerted during −45°. Per observations, the lack of sex difference was likely 

do to the awkward posture acquired when reaching over the plate to push in an inward 

direction- similar to a pulling task.

It is not possible to determine which finger joint is limiting, but it is reasonable to assume 

that participants position their hands to equalize the relative moments (%MVC) about each 

joint (An et al. 1984; Bean et al. 1988). This is consistent with previous findings related 

to finger force distribution while grasping a flat plate (Zhou, 2013; Salimi et al. 2003) or 

cylinder (Wu et al., 2012), and in push/pull tasks (Nicholas et al., 2012) where participants 
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modified digit positions and scaled fingertips forces to obtain higher comfort and balance 

based on external torque created by changes in weight amount and location. It follows that 

all of inter-digit joints are at or near maximum during average maximum push exertions 

(Table 4).

It was observed that under all %MVC conditions, males maintained an arm posture 

involving shoulder abduction with inward rotation having the anterior side of the elbow 

facing down when pushing downwards (0°) with the whole hand (Figure 1b, Figure 5). 

Females only acquired the same posture while pushing downward (0°) with the fingertips 

during 100%MVC and while pushing forward (90°) with the whole hand during 100%MVC 

(Figure 4). This posture included shoulder abduction, and high wrist extension with radial 

deviation (Figure 1b). While this is one of the poorest upper body positions, which 

contributes to upper extremity MSDs (Garg & Kapellusch 2011), it suggests that the elbow 

joint didn’t limit their strength and all efforts were focused on minimizing the moment 

arm between the resultant force and the shoulder joint. This was also shown with the large 

results for Shoulder-to-D3 distances (Figure 4), indicating that the arm was straight. It is 

hypothesized that shoulder moment arms for these scenarios where the arms were straight 

would likely be smaller, dependent on orientation of the push force and the angle of the arm 

in respect to the torso.

Thumb and finger forces are consistently 40–50% less when pushing with the whole hand 

than with the fingertips (Table 3). A similar trend exists for finger moments (Table 5), but 

the moment differences between whole hand and fingertips are closer to 30%. Maximum 

finger moments might be expected in both cases, but it is likely that the exertions with a flat 

hand on the 90°, 45° and 0° push plates are more limited by traction, leg, torso and shoulder 

strength. Work by Elkus and Basmajian (1973) demonstrated that finger flexor muscles relax 

when ligaments can support hand loads. In these cases, the fingers are partially relaxed when 

the loads are transmitted directly into the long axis of the upper limb. Given the resultant 

push force vector is aligned with the shoulder joint, it can be assumed that trunk, lower 

limbs or traction limit the force.

Forces are not distributed equally over the surface of the hand. Thumb and finger forces 

during whole hand posture were concentrated primarily on distal segments vs. middle and 

proximal segments (Figure 3). This is consistent with previous studies that analyzed the 

ratio of the contact forces applied on the distal, middle, and proximal segments during grip 

exertions (Chao et al., 1989; Wu et al., 2012; Amis, 1987). The base of the palm exerted 

72–75% of total force, followed by the thumb with 11–13% for exertions at 90°, 45° or 0° 

push plate angles (Table 3). While pushing at −45° plate angles, the force over the palm was 

reduced to 32% of the total force while the thumb force was increased to 31%.

In all studies that examined relative finger strength for grip and pinch exertions (Barter et 

al. 1958; Fransson and Winkel 1991; Swanson et al. 1970; Hazelton et al. 1975; Seo et al., 

2007), the middle finger was the strongest- accounting for approximately 33% of the sum of 

all fingers. The index finger accounted for 21–31% as compared to the sum of all fingers, 

the ring finger for 22–26% and the little finger for 13–18%. For comparison purposes, in 

this study the relative finger forces (excluding thumb) for pushing away from the body or 
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downward with the whole hand (90°, 45°, 0° - Table 3) were 12–13%, 22–24%, 25–33% 

and 17–36% for index, middle, ring and little fingers, respectively. For pushing inward and 

down (−45° - Table 3) the relative forces were 30%, 28%, 25% and 17% for index, middle, 

ring and little fingers, respectively. The relative finger forces (excluding thumb) for pushing 

away from the body or downward with the fingertips (90°, 45°, 0° - Table 3) were 27–31%, 

23–28%, 23–27% and 19–23% for index, middle, ring and little fingers, respectively. For 

pushing inward and down (−45° - Table 3) the relative forces were 30%, 28%, 25% and 17% 

for index, middle, ring and little fingers, respectively. There were no significant changes 

between relative finger loads during different % MVCs.

Conclusion

An experiment was performed in which participants were asked to push with a single arm 

on a flat surface at elbow height. Results obtained in this study can help to understand and 

predict hand postures and finger loads based on object orientation and force required.

Object location, space for hand placement, and physical space should be considered when 

designing workplaces or household spaces. Results from this study (Tables 2 and 3) suggest 

that when a person is expected to press or support their body, spaces should be designed 

to provide enough space to fit the palm, especially if maximum exertions are required. If a 

person can use the whole hand to press on a surface, they will do so.

Although the advantages for pressing a surface with the whole hand are clear, some 

tasks require only the fingertips (i.e. setting the volleyball and starting position of race, 

positioning items against a surface when cooking or writing). Studies have shown that using 

the fingertips adds a higher level of control and precision (Napier, 1956) over an object when 

lower exertions are required. Thus, it is important to understand the strength capabilities 

when pressing a surface with them.

This work can be used to prevent awkward postures and increase comfort for all users 

through improved design. A workspace should include enough clearance to accommodate 

the whole population so that the worker can stretch their arms if needed, to exert force and 

reach maximum force capability without the need of acquiring awkward postures. If the task 

could involve a person supporting their body on a surface or object (e.g. getting up from 

a chair, pressing on panels), enough surface space should be provided for them to have a 

straight arm.

Joint moment calculations, finger force distributions, and joint moment ratios can be used 

to compare strength capabilities from one position to another and for further biomechanical 

analyses. These parameters can be used when designing work tasks to ensure a balance 

between safety, comfort and productivity.

Limitations and future work

This study considered only the normal force component due to the limitation of the pressure 

mapping system. Object orientation could result in significant friction forces and affect the 

magnitude of the resultant force. Future studies should examine the effect of friction on 
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hand force distribution and hand placement. Average maximum whole hand forces exerted 

perpendicular to a flat surface may be limited by whole body strength and traction. This idea 

could be tested by providing external support for the body so that foot friction is not limiting 

and subjects can assume a position of average maximum force.

Hand placement was constrained by the pressure sensor area. However, it is likely that 

participants would demonstrate a similar behavior with larger pressure sensor area (Zhou, 

2013; Duemmler et al., 2008).

Calculations for hand kinematics can be rather complex, moments created on the fingers 

by push exertion on DP segments are not counteracted solely by finger flexor muscle 

exertions. There are also moments generated by ligaments and bone-on bone contact. This 

study was limited to simple kinematics, show joint moment magnitudes mainly based on 

flexion/extension.
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Figure 1. 
a) Force transducer setup when pressing with whole hand posture at 0° angle. b) Forces 

were exerted perpendicular to a surface oriented −45°, 0°, +45°, 90°, and pitch with respect 

to horizontal. Friction force is represented as Fx and normal force as Fy. Bottom figures 

show elbow angle represented with a negative value (left) when facing downwards related to 

global Y-axis and positive (right) when facing upwards related to Y-axis.
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Figure 2. 
Exertions at 0° angle with fingertips (left) and whole hand (right) postures. Sample Free 

Body Diagram for moment at the MCP joint (MMCP) produced by force (Fn) at each 

segment (n).
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Figure 3. 
Forces distribution per segment when pushing perpendicular to the flat surface at maximum 

force exertion (100 %MVC) in 2 hand postures, a) fingertip (FT) and b) whole hand (WH) 

(pooled for all participants) at 0° pitch. Red (highest) to Dark Blue (lowest) force values.

Figueroa-Jacinto et al. Page 15

J Biomech. Author manuscript; available in PMC 2024 March 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Comparison of linear distance of shoulder to tip of middle finger (Shoulder-to-D3) for 

females and males pressing the plate with whole hand posture in 4 orientations (90°, 45°, 0° 

and −45°) under 3 conditions (100, 30 and 10 %MVC).
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Figure 5. 
Comparison of elbow angles for female group (light blue) and male group (dark blue) 

pressing the plate in fingertip (FT) and whole hand (WH) postures at 0° pitch under 3 

conditions (100, 30 and 10 %MVC).
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Table 1.

Basic information about participants (mean ± SD)

Item Male Group Female Group

Age (years) 22.0 ± 2.6 21.5 ± 2.9

Stature (cm) 180.1± 5.5 166.4± 5.6

Hand Length (cm) 19.8 ± 1.1 16.7 ± 0.4

a Range of Hand Length Percentiles 21st - 96th 3rd - 81st

b Grip Strength (N) 483.0 ± 56.2 305.2 ± 15.2

c Thumb-index Finger Pinch Strength (N) 73.4 ± 5.3 45.4 ± 5.2

a
Percentiles based on the 1988 ANSUR army male and female data (Gordon et al., 1989)

b
Grip strength was measured with a Jamar® grip dynamometer with a grip span of 49mm

c
Thumb-index Finger Pinch was measured with a B&L® pinch gauge
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Table 2.

Total maximum exertions (N) per orientation for male and female groups while pushing with the whole hand 

(WH) and fingertips (FT) (mean ± SD)

Orientation (°) Male Group Maximum Exertions (N) Female Group Maximum Exertions 
(N)

Total Maximum Exertions (subjects 
pooled) (N)

WH FT WH FT WH FT

−45 84.3 ± 7.0 58.4 ± 8.6 86.4 ± 21.5 51.5 ± 12.8 85.6 ± 9.0 55.3 ± 4.4

0 198.8 ± 3.3 91.1 ± 16.4 128.5 ± 29.4 62.9 ± 8.7 164.0 ± 44.5 82.0 ± 9.5

45 154.4 ± 21.1 84.8 ± 30.5 132.2 ± 11.6 56.2 ± 12.6 142.2 ± 38.7 74.4 ± 7.6

90 252.1 ± 38.7 114.1 ± 25.8 142.5 ± 42.7 76.1 ± 15.9 198.3 ± 54.8 94.9 ± 10.6
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Table 3.

Finger force distribution (normal force) pushing the plate with 4 orientations (−45 °, 0 °, 45 ° and 90 °) and 2 

hand postures (whole hand-WH and fingertips- FT) (mean ± SD) (pooled for all participants)

% MVC
Object 

Orientation (°)
Hand 

Posture

Forces (subjects pooled) (N)

Thumb Index Middle Ring Little
Palm 

Region
Total

100

−45
WH 13.5 ± 4.0 4.8 ± 1.9 4.5 ± 1.7 3.9 ± 1.6 2.7 ± 1.2 14.1 ± 12.5 85.6 ± 9.0

FT 18.0 ± 8.0 10.8 ± 4.3 8.9 ± 3.0 8.4 ± 3.2 7.1 ± 3.9 55.3 ± 4.4

0
WH 19.8 ± 6.7 2.8 ± 1.6 5.7 ± 3.1 7.9 ± 4.5 7.3 ± 3.2 110.6 ± 

31.2 164.0 ± 44.5

FT 29.7 ± 12.9 14.5 ± 4.0 12.4 ± 5.8 11.5 ± 6.3 9.0 ± 5.5 82.0 ± 9.5

45
WH 16.4 ± 5.5 2.5 ± 0.9 4.7 ± 1.8 6.3 ± 2.7 7.0 ± 2.8 102.3 ± 

19.7 142.2 ± 38.7

FT 28.3 ± 12.4 12.1 ±.0 10.4 ± 5.0 12.2 ± 7.7 10.3 ± 5.7 74.4 ± 7.6

90
WH 20.2 ± 8.6 3.5 ± 1.5 5.9 ± 2.8 8.0 ± 3.4 9.9 ± 4.1 139.9 ± 

47.8 198.3 ± 54.8

FT 31.8 ± 14.0 14.3 ± 5.2 14.4 ± 6.8 11.5 ± 6.6 10.8 ± 5.8 94.9 ± 10.6

30

−45
WH 4.2 ± 1.6 1.5 ± 0.6 1.2 ± 0.5 1.1 ± 0.6 0.8 ± 0.3 3.8 ± 3.9 12.5 ± 1.5

FT 5.0 ± 3.0 2.6 ± 0.9 2.7 ± 1.2 2.3 ± 0.9 2.0 ± 1.0 14.7 ± 1.2

0
WH 5.5 ± 2.0 1.0 ± 0.3 1.7 ± 1.0 2.3 ± 1.0 2.0 ± 0.7 33.8 ± 10.7 46.3 ± 12.9

FT 8.6 ± 3.8 4.7 ± 2.2 3.4 ± 1.3 3.3 ± 1.3 3.2 ± 2.4 23.2 ± 2.3

45
WH 4.9 ± 2.4 0.8 ± 0.3 1.2 ± 0.7 1.9 ± 0.9 1.9 ± 0.6 29.7 ± 5.1 40.5 ± 11.4

FT 9.1±6.2 4.0 ± 1.2 3.1 ± 1.4 2.9 ± 1.5 3.0 ± 1.7 22.1 ± 2.7

90
WH 6.9 ± 4.0 0.8 ± 0.5 2.0 ± 1.0 2.6 ± 1.4 2.5 ± 1.0 42.7 ± 16.3 57.5 ± 16.4

FT 7.2 ± 2.9 5.2 ± 2.1 4.2 ± 2.3 3.8 ± 2.3 3.6 ± 3.4 24.1 ± 1.5

10

−45
WH 1.6 ± 0.5 0.6 ± 0.2 0.5 ± 0.2 0.5 ± 0.2 0.3 ± 0.1 1.5 ± 1.5 5.0 ± 0.6

FT 1.7 ± 0.9 0.8 ± 0.5 0.9 ± 0.7 0.9 ± 0.4 0.8 ± 0.3 5.1 ± 0.4

0
WH 1.2 ± 1.7 0.9 ± 0.1 0.9 ± 0.9 0.1 ± 0.1 0.7 ± 0.6 14.4 ± 8.3 17.8 ± 14.2

FT 2.6 ± 1.3 1.7 ± 0.6 1.2 ± 0.6 1.1 ± 0.7 1.4 ± 1.1 8.1 ± 0.6

45
WH 1.4 ± 0.9 0.2 ± 0.2 0.5 ± 0.3 0.6 ± 0.4 0.7 ± 0.4 11.1 ± 3.3 14.6 ± 4.3

FT 3.7 ± 4.9 1.0 ± 0.6 0.8 ± 0.5 0.9 ± 0.6 0.9 ± 0.6 7.3 ± 1.2

90
WH 2.3 ± 1.2 0.4 ± 0.3 0.7 ± 0.4 1.0 ± 0.7 1.1 ± 0.5 13.8 ± 4.7 19.2 ± 5.3

FT 3.4 ± 2.7 2.6 ± 1.9 1.9 ± 2.1 1.7 ± 1.8 1.4 ± 2.3 11.0 ± 0.8
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Table 4.

Angle (α) between resultant force (FY) and shoulder-to-wrist vector (RSW) while pressing perpendicular to a 

flat surface under 0 ° and 90 ° orientations and 2 hand postures (whole hand-WH and fingertips- FT).

Object Orientation (°) % MVC Hand Posture
α (Degrees)

Males Females

0

100
WH 12.3 6.41

FT 15.4 9.74

30
WH 59.9 44.1

FT 66.9 38.3

10
WH 36.7 41.4

FT 43.2 42.7

90

100
WH 8.04 6.52

FT 7.88 8.31

30
WH 48.4 37.9

FT 51.6 43.7

10
WH 52.7 26.0

FT 63.8 47.8
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Table 5.

Joint moment magnitudes when pushing perpendicular to a flat surface with 4 orientations (−45 °, 0 °, 45 ° and 

90 °) and 2 hand postures (whole hand-WH and fingertips- FT) during 100%MVC condition for females 

(upper) and males (bottom).

Females

Object 
Orientation 

(°)

Hand 
Posture

Females Finger Joint Moment Magnitudes (N*m)

Thumb Index Middle Ring Little
Wrist

IP MCP DIP PIP MCP DIP PIP MCP DIP PIP MCP DIP PIP MCP

−45°
WH 0.29 0.75 0.14 0.26 0.61 0.20 0.42 0.77 0.18 0.36 0.69 0.12 0.30 0.65 1.89

FT 0.41 0.86 0.26 0.54 0.74 0.32 0.64 0.86 0.28 0.52 0.79 0.24 0.49 0.70 1.24

0°
WH 0.57 1.71 0.32 0.77 1.09 0.54 0.82 1.31 0.35 0.83 1.17 0.29 0.79 0.95 1.88

FT 0.83 2.62 0.43 0.91 1.52 0.76 1.37 1.99 0.64 1.01 1.73 0.41 0.85 1.56 2.99

45°
WH 0.34 1.12 0.20 0.39 0.88 0.38 0.63 0.95 0.33 0.67 1.01 0.15 0.42 0.37 1.43

FT 0.46 1.39 0.34 0.63 1.16 0.48 0.99 1.33 0.38 0.71 0.87 0.28 0.66 1.25 1.85

90°
WH 0.56 1.53 0.24 0.68 0.95 0.45 0.75 1.22 0.42 0.76 1.04 0.21 0.71 0.88 1.74

FT 0.77 2.20 0.39 0.88 1.40 0.63 1.12 1.68 0.53 0.93 1.61 0.46 0.80 1.42 3.20

Males

Object 
Orientation 

(°)

Hand 
Posture

Males Finger Joint Moment Magnitudes (N*m)

Thumb Index Middle Ring Little
Wrist

IP MCP DIP PIP MCP DIP PIP MCP DIP PIP MCP DIP PIP MCP

−45°
WH 0.34 0.88 0.17 0.36 0.75 0.28 0.5 0.95 0.25 0.44 0.99 0.16 0.4 0.81 2.85

FT 0.53 1.12 0.35 0.65 1.04 0.45 0.92 1.08 0.39 0.65 1.05 0.31 0.63 0.83 1.93

0°
WH 0.67 2.32 0.44 0.97 1.54 0.65 1.13 1.77 0.41 1.2 1.54 0.41 1.05 1.15 2.68

FT 1.15 3.76 0.5 1.09 1.96 1.08 1.68 2.48 0.9 1.19 2.5 0.51 1.05 1.84 3.68

45°
WH 0.42 1.36 0.26 0.47 1.01 0.51 0.73 1.09 0.41 0.78 1.46 0.17 0.55 0.43 1.86

FT 0.6 1.81 0.44 0.83 1.69 0.69 1.21 1.75 0.47 0.94 1.03 0.36 0.8 1.62 3.01

90°
WH 0.77 2.07 0.31 0.88 1.26 0.54 1.08 1.71 0.48 0.98 1.32 0.24 0.83 1.14 2.27

FT 0.99 3.09 0.48 1.01 1.98 0.73 1.53 2.33 0.75 1.32 2.21 0.66 1.07 1.73 3.66
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