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Introduction

Peak force is a biomechanical measure derived from a maximal voluntary contraction and is
widely used to quantify muscle strength across clinical, sports science, and engineering
applications (Jaric, 2002). In clinical settings, maximal strength assessments enable the
quantification of muscle weakness, monitoring of neuromuscular disease progression, and
support the development of targeted treatment strategies (Meldrum et al., 2007). In sport and
performance contexts, these measures are used to evaluate training adaptations and assess
strength capabilities in elite and competitive athletes (Warneke et al., 2023). More broadly,
maximal force data are also incorporated into musculoskeletal and biomechanical models to

inform system-level simulations and engineering design processes (Miehling, 2019).

Within engineering applications, accurate characterization of human force production is essential
for the development of wearable robotic systems and exoskeletons designed to augment or
replicate human movement. Peak force represents a key design parameter, as it defines the upper
limits of human output that robotic systems must accommodate to ensure compatible and effective
human—machine interaction (Escarabajal et al., 2026). Normative strength values are therefore
required to parameterize biomechanical models that link human force production to robotic
actuation, enabling appropriate scaling of assistance across different movement directions and
tasks (Escarabajal et al., 2026). In addition, force and torque measurements derived from human
movement are commonly used to define actuator requirements and control strategies, ensuring
that exoskeleton systems can meet the mechanical demands of functional activities while

delivering appropriate levels of assistance or augmentation (Huysamen et al., 2020).

Despite extensive investigation of human strength characteristics, available maximal force data
remain fragmented and inconsistently reported across the literature. Many studies focus on
isolated muscle groups or single joint actions, limiting the ability to construct a comprehensive
representation of whole-limb force production capacity. This lack of standardized and integrative
datasets constrains both comparative analysis and translation into engineering applications. In
the context of lower-limb exoskeleton design, insufficient representation of true human force-
generating capacity may result in poorly calibrated assistance profiles, potentially reducing
movement efficiency and user comfort (Huysamen et al., 2020). Accordingly, a unified normative
strength database is required to support accurate modeling, device design, and control

optimization.



The objective of this literature review is to develop a consolidated normative database of maximal
force values organized according to the primary degrees of freedom of the lower-limb joints. This
dataset is intended to support biomechanical modeling and facilitate the design and optimization
of lower-limb assistive technologies, including robotic exoskeletons. The review is restricted to
healthy adult populations with no history of musculoskeletal injury or surgical intervention, thereby

establishing representative normative strength ranges for this population.
Methods

From February 6 to March 18, 2026, a structured literature review was conducted to identify
studies reporting peak isometric force values at the lower-limb joints in healthy adults. Seven
degrees of freedom across the hip, knee, and ankle joints were analyzed (Table 1). Relevant
studies published between March 1, 1991, and August 31, 2025, were retrieved from two
electronic databases: SPORTDiscus and PubMed.

All studies were in the English language. For both databases, the following search terms were
used: (hip OR knee OR ankle OR lower limb) AND (flexion OR extension OR abduction OR
adduction OR internal rotation OR external rotation OR eversion OR inversion OR dorsiflexion
OR plantarflexion) AND (peak torque OR MVC OR maximal voluntary contraction OR isometric)
AND (normative or reference) NOT (children OR adolescents OR youth OR child OR teenage)
NOT (replacement OR injury OR trauma OR surgery).

Studies reporting peak force values in populations with musculoskeletal injuries, prior surgery, or
trauma were excluded, as were studies reporting only on children. Eligible studies for this review
were required to report isometric peak force movements. No restrictions were placed on the
assessment protocol, sex, or physical activity levels of the sample population to capture a broad

range of normative peak force values across the healthy adult population.

All scientific articles retrieved by the search strategy underwent a three-stage screening process:
title review, abstract review, and full-text review. Articles with relevant titles advanced to abstract
review, and studies with contextually relevant abstracts underwent full-text evaluation. Studies
that successfully met all inclusion criteria and completed all three screening stages were included

in this literature review.

One reviewer evaluated all scientific papers for this literature review. All scientific articles that

successfully passed the full-text review had the following data extracted from each paper:



Bibliographic information (lead author, date published, title, journal)
Study design (sample size, methods, outcome variables, joint type, movement type)

Population characteristics (age, gender, ethnicity, limb dominance)

LN~

Results (mean, standard deviation)

A weighted average was used to calculate the mean and standard deviation for each degree of
freedom, where each sample size was multiplied by its corresponding mean peak force value
(Equation 1) or mean standard deviation (Equation 2) and the sum of these products were divided
by the total sample size, n. The minimum and maximum values were directly reported by each
study. The smallest minimum and largest maximum value reported across all studies were used

for the absolute minimum and maximum values for each degree of freedom (Table 1).

Zé(—1 nixi
Xyw = ———— Equation 1
25—1 nisj
Syw = —f— Equation 2
Table 1 Lower limb joint measurements across seven planes of motion.
Measurement Joint Plane Movement(s)
. _ Flexion
1 Hip Sagittal _
Extension
Abduction
2 Hip Frontal .
Adduction
Internal Rotation
3 Hip Transverse
External Rotation
Flexion
4 Knee Sagittal _
Extension
Plantarflexion
5 Ankle Sagittal o
Dorsiflexion
Inversion
6 Ankle Frontal _
Eversion
Abduction
7 Ankle Transverse

Adduction




All peak force values from eligible studies were compiled into a database, categorized by study
name, joint (hip, knee, or ankle), movement (flexion, extension, abduction, adduction, internal
rotation, external rotation, dorsiflexion, plantarflexion, inversion, eversion) and where stated, age
range or gender of the sample. The database was organized by each degree of freedom, as

shown in Table 1.

For this review, “sufficient literature” was defined as more than 1500 data points with
representation across both sexes and various ages. Each data point had a unique combination
of joint, movement plane, and age range. When studies reported additional demographic
information such as race or information on which limb was reported (e.g., dominant or non-
dominant), this information was also incorporated, creating additional unique combinations. The
number of participants in each plane of motion and limb combination ranged from 6 to 1000,

depending on each study’s reported sample size.
Results

This literature review search generated 263 results across two databases. The full data reduction
process is outlined in Figure 1. All 263 papers underwent title screening, with 135 papers
advancing to the abstract review. Of these, 51 proceeded to full-text review, with full-text
evaluation identifying 17 papers that explicitly reported on peak isometric force values for

inclusion.

Seventeen papers reported peak isometric force values, published between 1991 and 2025 (Table
2). The total pooled sample size across all studies was N = 4085 participants, of whom 48% male
(N =1949) and 52% female (N = 2136). Peak force was most commonly measured with a hand-
held dynamometer, used alone in 11 studies (Andrews et al., 1996; Backman et al., 2013; Douma
et al., 2014; Heijboer et al., 2024; Martin-Miguel et al., 2025; Oliveira et al., 2018; Paris & Sullivan,
1992; Pasco et al., 2020; Phillips et al., 2000; Van Der Ploeg et al., 1991; Vannatta & Kernozek,
2021). One study measured peak force values using only a fixed dynamometer alone (Hoglund
et al., 2014), and one study measured these values using both a hand-held dynamometer and a
fixed dynamometer (McKay et al., 2017). The remaining studies singularly used individual
instruments: a fixed tensiometer (The National Isometric Muscle Strength (NIMS) Database
Consortium, 1996), a ForceFrame system (Sandler et al., 2025), and a hand-held pull gauge (Stoll
et al., 2000). For each study, the positions of the subject and measurement device were also

summarized (Table 3).
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Figure 1

Flowchart of the literature review selection process




Table 2

Study Demographic Information

Study Sample size Joint Movement Sex Age
Hip Flexion, Abduction
Andrews, 1996 147 Knee Flexion, Extension Male: 77 Female: 70 50-79
Ankle Dorsiflexion
Hip Flexion, Abduction
Backman, 2013 128 Knee Flexion, Extension Male:65 Female: 63 20-70
Ankle Dorsiflexion
Hip Flexion, Abduction
Bohannan, 1997 231 Knee Extension Male: 106 Female: 125 20-79
Ankle Dorsiflexion
Douma, 2014 462 Knee Flexion, Extension Male: 259 Female: 203 20-60
Heijboer, 2024 152 Hip Adduction, Abduction Male: 0 Female: 152 18-20
Hoglund, 2014 80 Hip Internal Rotation, External Rotation Male: 40 Female: 40 18-28
Hip Flexion, Extension, Abduction, Adduction, External Rotation, Internal
Martin-Miguel, 2025 297 Rotation Male: 142 Female: 155 16-31
Knee Flexion, Extension
Ankle Dorsiflexion, Plantarflexion
Hip Abduction, Internal Rotation, External Rotation
McKay, 2017 700 . = Male: 350 Female: 350 20-101
Knee Flexion, Extension
Ankle Dorsiflexion, Plantarflexion
Hip Flexion, Extension
NIMS, 1996 493 Knee Flexion, Extension Male: 220 Female: 273 18-80
Ankle Dorsiflexion
Oliveira, 2017 152 Hip Flexion, Extension, Abductors Male: 79 Female: 73 18-65
Paris &Sullivan, 1992 36 Ankle Inversion, Eversion Male: 36 Female: 0 18-30
Pasco, 2020 237 Hip Flexion, Abduction Male: 89 Female: 148 20-39
Phillips, 2000 200 Hip FlexlomAbductief Male: 100 Female: 100 20-69
Ankle Dorsiflexion
Sandler, 2024 45 Hip Adduction, Abduction, Internal Rotation, External Rotation Male: 45 Female: 0 24.4+4.07
Hip Flexion, Extension, Abduction, Adduction, External Rotation, Internal
Stoll, 2000 543 Rotation Male: 253 Female: 290 20-80
Knee Flexion, Extension
Ankle Dorsiflexion, Plantarflexion
Hip Flexion, Abduction
Van derPloeg, 1991 100 Knee Extension, Flexion Male: 50 Female: 50 20-60
Ankle Dorsiflexion, Plantarflexion
Vannatta & Kernozek, 2021 82 Hip Abduction, External Rotation Male: 38 Female: 44 18-22




Table 3

Subiject Position and Measurement Tool Placement

Study

Subject Position During Measurement

Tool Placement

Measurement Tool

Andrews, 1996

Béckman, 2013

Bohannan, 1997

Douma, 2014
Heijboer, 2024

Hoglund, 2014

Martin-Miguel, 2025

McKay, 2017

NIMS, 1996

Oliveira, 2017

Paris &Sullivan, 1992

Pasco, 2020

Phillips, 2000

Sandler, 2024
Stoll, 2000

Van derPloeg, 1991

Vannatta & Kernozek, 2021

Hip flexed 90° with knee relaxed, both lower limbs in neutral
Hips and knees flexed 90° with hands resting in lap

Hip, knee, and ankle at 0°

Supine at 90°, Supine 30°

Prone 90°, Sitting 0°
Sitting 0°

Hip flexed 90° with knee flexed and contralateral hip neutral, both
hips neutral with knees extended

Hip and knee flexed 90°

Hip and knee fully extended, ankle neutral

Hip and knee flexed 90°

Tested leg straight, non-tested leg with hip and knee flexed 90°

Prone with hip at 0° flexion and knee 90°

Hip and knee flexed 90°, Hip and knee flexed 0°, Hip flexed 0° and
knees extended, hip flexed 0° and knee flexed 90°, hip and knee
flexed 90°, hip and knee flexed 90°,

Prone with hip extended and knee flexed 90°, prone with knee flexed
0

Supine

Not reported

Not reported

Not reported

Trunk supported at 20°, hip at 20°, knee at 90°

Sitting, hip and knee at 90°

Supine, ankle in plantarflexion

Supine, Prone with knee flexed at 90°

Hip and knee flexed 90° with foot in plantar-dorsiflexion neutral

Seated with feet hanging above floor level, lying on side with test leg
raised 20cm above bench
Hip and knee flexed 90°, hip abducted 20° with knee extended

Hip abducted 10° with knee extended and foot flat on ground

Supine position with hips and knees flexed 0°

Predetermined for each muscle group to minimize gravitational force,
specific positions not reported

Supine position with hips and knees flexed 90°, Supine hip flexed 45°
and knee flexed 90°
Prone with knee flexed 45°, prone with knee flexed 90°

Supine with foot 90° dorsiflexed
Supine position with hip flexed 0° and knee fully flexed, prone with
knee flexed to 90°

At femoral condyles, at lateral femoral condyles

Proximal to malleoli

Proximal to metatarsophalangeal joints

Anterior aspect of distal third of thigh, lateral aspect of distal
third of thigh

Posterior aspect of distal third of thigh above ankle, anterior
aspect of lower leg above the malleoli

Dorsal aspect of foot above the metatarsophalangeal joint

Proximal to femoral condyles, proximal to lateral joint line of
knee

Proximal to malleoli

Proximal to metatarsophalangeal joints

Proximal to calcaneous, proximal to talis

8cm proximal to most prominent point of lateral malleolus

Opposite anterior knee in line with longitudinal axis of femur

Attached to ankle by a strap

Attached to metatarsals

Not reported

Not reported

Not reported, long sitting heel over plinth edge

Proximal to knee

Around malleolus

Around metatarasals

Distal posterior thigh region, superior to lateral malleolus

Distal to medial malleolus

5cm proximal to patella, 10cm proximal to lateral malleolus
Proximal to upper border of patella, proximal to lateral
femoral condyle

Center of top of foot

4 sensors inside inner and outer panels

Band at predefined anatomical sites

Anterior surface of distal thigh, lateral epicondyle of knee

Anterior surface of distal shant proximal to ankle joint, heel

Proximal to metatarsophalangeal joints
Above the lateral malleolus, above the medial malleolus

Hand-held dynamometer

Hand-held dynamometer

Hand-held dynamometer

Hand-held dynamometer
Hand-held dynamometer

Fixed dynamometer

Hand-held dynamometer

Hand-held dynamometer
Fixed dynamometer

Fixed strain-gauge
tensiometer

Hand-held dynamometer
Hand-held dynamometer
Hand-held dynamometer

Hand-held dynamometer

ForceFrame system
Hand-held pull gauge

Hand-held dynamometer

Hand-held dynamometer




Across all 17 studies, there were 4085 participants (Table 2). However, because the majority of
studies reported on the dominant and non-dominant limb, individual participants often contributed
to more than one measurement. Additionally, most studies reported values across at least two out
of three of the relevant lower-limb joints (hip, knee, or ankle), resulting in a total of 29724 data

points. The distribution of these data points is summarized in Table 4.

Table 4 Number of data points for each plane of movement across the lower-limb joints.
Joint Movement Data Points
Flexion 3815
Extension 2376
Abduction 1894
Hip
Adduction 1590
Internal Rotation 2688
External Rotation 2852
Flexion 3908
Knee
Extension 3344
Plantarflexion 2560
Dorsiflexion 4624
Inversion 36
Ankle
Eversion 37
Abduction* -
Adduction* -

* No data points exist for this movement

The peak force measurements (mean, standard deviation, minimum, and maximum) from each
study were compiled into a database and organized by each joint and movement combination
outlined in Table 1. This database was used to calculate the pooled mean and standard deviation,
as well as the absolute minimum and maximum values for each movement outlined (Table 5).
Using the consolidated data from Table 5, plots were created in MATLAB to visualize the

distribution of data across each movement plane (Figures 2-6). Due to insufficient literature found



for ankle inversion, eversion, abduction, and adduction, no figures were created for ankle frontal

and transverse plane movements.

Table 5 Weighted average peak force values summarized from scientific literature (N).
Joint Movement Minimum Maximum Mean SD
Flexion 82.0 538.6 299.46 82.45
Extension 238.4 777.9 458.35 148.04
_ Abduction 147 .1 513.0 231.57 48.98
Hip Adduction 122.0 301.2 206.08 58.34
Internal Rotation 76.5 217.7 133.08 43.04
External Rotation 76.3 169.4 115.70 33.75
Flexion 119.0 588.0 237.52 58.94
Knee Extension 2249 522.9 370.57 108.05
Plantarflexion 216.3 719.1 417.10 127.48
Dorsiflexion 131.5 491.0 228.66 58.64
Ankle Inversion - - 74.73 21.09
Eversion - - 75.22 20.99
Abduction* - - - -
Adduction* - - - -

* No data points exist for this movement
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Discussion

The purpose of this literature review was to develop a solution space for single-plane lower-limb
peak isometric force values at the hip, knee, and ankle joints. Of 263 records screened, 17 studies
were included, representing a total sample size of 4,085 participants (Table 2). The resulting
dataset spans seven degrees of freedom across the lower limb: three at the hip, one at the knee,
and three at the ankle (Table 1).

Across the consolidated literature, peak force magnitudes varied systematically by joint and plane
of motion. The highest forces were consistently observed in sagittal-plane movements,
particularly hip extension (458.35 + 148.04 N) and knee extension (370.57 £ 108.05 N). Hip and
knee extension forces exceeded their respective flexion counterparts (hip flexion: 299.46 + 82.45
N; knee flexion: 237.52 + 58.94 N), reflecting the dominant role of the extensor musculature in
propulsion during gait (Eng & Winter, 1995). At the ankle, plantarflexion produced substantially
higher forces (417.10 + 127.48 N) than dorsiflexion (228.66 + 58.64 N), consistent with the larger
physiological cross-sectional area and force capacity of the plantarflexor muscle group (Fukunaga
et al., 1992). Frontal-plane hip forces were moderate in magnitude (abduction: 231.57 + 48.98 N;

adduction: 206.08 + 58.34 N), while transverse-plane hip rotations were comparatively lower



(internal rotation: 133.08 £ 43.04 N; external rotation: 115.70 £ 33.75 N). Only one study reported
frontal-plane ankle forces, with similar magnitudes for inversion and eversion (~75 N), highlighting

limited available evidence in this domain.

Considerable inter-individual variability was observed across all joint and movement categories,
with wide ranges and standard deviations reflecting heterogeneity in the underlying populations
(Table 5). This was most pronounced at the hip, where flexion and extension exhibited broad
ranges (hip flexion: 82.0-538.6 N; hip extension: 238.4—777.9 N) and large standard deviations
(82.45 N and 148.04 N, respectively). Similar dispersion was observed at the knee and ankle
(knee extension SD: 108.05 N; ankle plantarflexion SD: 127.48 N). This variability is expected
given the inclusion of functionally diverse cohorts, ranging from older adults with reduced
neuromuscular capacity to trained individuals exhibiting strength adaptations due to long-term
training exposure (lzquierdo et al., 2002; Hunter et al., 2016). As a result, the aggregated dataset
likely reflects a broad functional envelope rather than a single homogeneous population, which

limits the interpretability of mean values as representative central estimates.

To address this, percentile-based solution spaces were estimated; however, due to the large
variance and reliance on summary statistics, these estimates sometimes extended beyond the
reported empirical minimum and maximum values. This highlights a limitation of deriving
distributional characteristics from aggregated literature data and suggests that the resulting
values should be interpreted as design-oriented approximations rather than strict population

percentiles.

From an engineering perspective, the observed force magnitudes provide direct input parameters
for lower-limb exoskeleton design, particularly in defining actuator capacity, structural safety
margins, and control authority. The highest demand occurs in sagittal-plane hip and knee
extension, indicating that actuation systems must be optimized to sustain substantial propulsive
loads (Gomez et al., 2017). Multiplanar hip forces further emphasize the need for exoskeleton
architectures capable of accommodating coupled loading across flexion—extension, abduction—
adduction, and rotational degrees of freedom to preserve physiological movement patterns (Xu
et al., 2025). These force profiles are also commonly used to estimate joint torques, which in turn
inform actuator selection, structural design constraints, and power system requirements in

wearable robotic systems (Greve & Kreischer, 2024; Yandell et al., 2020).

A notable gap in the literature is the underrepresentation of non-sagittal ankle loading. Only

inversion and eversion forces were reported in a single study (Paris & Sullivan, 1992), and no



studies reported ankle abduction—adduction. This gap is partly explained by the distribution of
mechanical work during gait, which is predominantly sagittal at the ankle joint (Tabucol et al.,
2022). However, it also reflects fundamental biomechanical constraints of the ankle—foot complex.
The talocrural joint primarily supports sagittal-plane motion, while frontal- and transverse-plane
motions arise from distributed coupling across the subtalar and midfoot joints, limiting the ability
to isolate single-plane forces (McKeon & Hoch, 2019; Nester et al., 2007). Transverse-plane
motions are not governed by a single dominant anatomical axis, further complicating consistent
measurement and interpretation. Future work may benefit from multi-body kinematic
decomposition methods, such as Euler-angle—based approaches, to better resolve coupled joint

motion into independent components for force estimation.

Several methodological limitations should also be considered. First, variability in force
measurement protocols, particularly dynamometer placement and testing posture, likely
contributed to heterogeneity across studies, even when nominally measuring the same joint action
(Table 3). In some cases, insufficient reporting of measurement setup further limited
reproducibility and comparability. Second, the inclusion of heterogeneous adult populations
without restrictions on age or activity level increases variability but reduces specificity to any single
subgroup. While this enhances generalizability, it also means mean values should not be
interpreted as representative of any specific population segment. Despite these limitations, the
resulting dataset provides a consolidated reference framework for peak lower-limb force
production and supports its application in the design and optimization of lower-limb robotic

exoskeleton systems.

Conclusion

This literature review consolidated published data to establish a normative reference framework
of peak lower-limb force values for application in the design of robotic exoskeleton systems. In
total, 17 studies were included to define a solution space across seven degrees of freedom of the
lower limb, comprising three degrees of freedom each at the hip and ankle, and one at the knee
joint. The resulting dataset provides complete coverage for five of the seven degrees of freedom,
including sagittal-plane movements at the hip, knee, and ankle, as well as hip frontal and
transverse plane movements. However, a gap remains in the ankle frontal and transverse planes
due to limited available literature. This gap is primarily attributable to the complex structure of the
ankle—foot complex, which limits the ability to isolate non-sagittal plane forces using conventional

measurement approaches. Future work should therefore focus on developing Euler angle—based



or equivalent multi-planar decomposition methods to better resolve coupled ankle motions and

enable more robust estimation of peak force values across all degrees of freedom.
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