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Humans constantly modulate the mechanical compliance of their hands to en-

able complex behaviors, ranging from gentle guitar strumming to high-force

hammer manipulation, including robust multi-object handling and dexterous

in-hand manipulation. To achieve this, the hand’s rich mechanics through

the joints and tendon routing are combined with distributed adaptive compli-

ance arising from muscle structures and control. Collectively, these enable the

hand’s diverse behavioral capabilities and its ability to maintain contact stabil-

ity under sparse or uncertain knowledge of the contact state. Inspired by this,

we propose a new design and control methodology for an anthropomorphic,

tendon-driven robotic hand. Our biomimetic mechanical design, comprising

artificial skin, biomimetic tendon routing, and series elastic actuation, defines

the intrinsic envelope of achievable stiffness, force, and pose, defining the be-

havioral range. Overlaid on this hardware, a virtual mechanical layer based

on Virtual Model Control dynamically modulates the hand’s compliance. By

emulating virtual springs and dampers through available actuation, this layer

shapes how the hand interacts with its environment while guaranteeing inter-

pretability and tunability. Integrating physical and virtual mechanical com-

ponents, our co-design framework presents a new paradigm for anthropomor-

phic robotic hands, enabling contact force estimation via motor feedback (pro-

prioception) and greater versatility across a range of interactive behaviors.
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Introduction

The ability to modulate mechanical impedance dynamically is central to human manipula-

tion [1]. The same hand that grips a hammer forcefully can strum a guitar with delicate, ex-

pressive control or perform dexterous in-hand re-grasping. However, each of these behaviors

calls for a different hand stiffness. This versatility arises from muscles, tendon routing, com-

pliant skin, and rigid bones, combined with continuous and adaptive regulation of the hand’s

distributed compliance through muscles and actuation mechanisms. Within a single task, the

governing variable also shifts: force and position guide the approach to an object, whereas after

contact, stiffness shapes the interaction and its sensory feedback [2]. The synergy between the

mechanics and control of the human hand lies at the core of hand function, and robotic manip-

ulation likewise requires hardware and control that are collectively designed to regulate force,

position, and stiffness while remaining physically resilient and dexterous [3].

The physical structure of the human hand determines the limits of its versatility, dexterity,

and safety [4]. These limits arise from the directional passivity of the anisotropic joints, the

stiffness and passivity of tendons and muscles, and the compliance and contact stability of the

skin [5], which together set the range of achievable force-displacement characteristics. Pas-

sivity is central, because it keeps contact with unknown objects stable without a model of the

environment, even under sparse or uncertain information [6]. Within these bounds, antagonis-

tic muscle co-contraction regulates stiffness, pose, and force online [7, 8], varying compliance

within the passive dynamics of the muscle-tendon system rather than overriding them. This ca-

pacity distinguishes human hands from their robotic counterparts, which rely largely on position

control [3].

Reproducing this capacity in robotic hands has been approached from both hardware and

control perspectives. Tendon-driven hands mirror human physiology and, unlike directly driven
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systems, combine low end-effector inertia, which reduces impact forces, with high dexterity and

the capacity to regulate fingertip contact dynamics [9]. Underactuated designs with flexure or

multi-material joints reproduce human-like nonlinear joint behavior through their mechanical

structure rather than through control [10], and their joint design programs the passive response,

for example the grasping behavior [11] or the musical playing style [12]. However, unlike hu-

man hands, a robotic hand’s mechanical response is typically fixed by its fabrication parameters

and cannot be dynamically modulated online.

Variable stiffness actuators (VSAs) can be introduced to modulate the force-displacement

relationship online by changing the stiffness of a physical elastic element [13, 14]. VSAs have

been integrated into tendon-driven systems through shape-memory materials [15, 16] and vari-

able spring geometry [17]. However, the inclusion of VSAs in to a hand increases significantly

the mechanical complexity, adds weight and volume, and limits the control bandwidth prevent-

ing scaling to tendon-driven anthropomorphic hands [18].

Alternatively, impedance control offers software-based compliance [19, 20, 21]. By shaping

the apparent stiffness, damping, and inertia of the end effector [22], it allows the relationship

between motion and force to be tuned independently [23, 24]. It has reproduced human-like

adaptation of force and impedance [25] and been combined with passive joint compliance for

robustness against load peaks [26]. In dexterous hands, it has been applied both at the finger-

tip level [27] and at the object level, compliantly positioning a grasped object in-hand while

distributing the internal forces among the fingers [28]. Despite its success, a systematic, task-

oriented methodology for determining the optimal, task-specific impedance of each finger re-

mains lacking. This gap compounds the classical challenge of distributing contact forces across

multiple fingers [29, 30]. Furthermore, many impedance controllers cancel the natural dynam-

ics to impose the desired behavior, and therefore rely on accurate models, which are notoriously

difficult to obtain for compliant, tendon-driven systems [31]. In addition, not all formulations
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of impedance control are passive, which can compromise contact stability [32].

To overcome the trade-off between setting stiffness in hardware and in control, we propose

a unified approach to the design and control of anthropomorphic, tendon-driven hands, in which

the mechanics and control are both represented within a single mechanical framework (Fig. 1a).

The mechanical design sets the operational envelope, passivity, and physical response through

compliance distributed throughout the hand [33]. Series elastic actuation, through tendons and

in-line springs, sets the upper bound by capping the stiffness reached during contact, from both

the virtual mechanisms and the environment. This makes the hand physically resilient and safe,

and lets it exploit contact rather than avoid it, unlike conventional position-controlled hands.

Skin and tendon friction set the lower bound, providing mechanical stiffness and damping where

a controller would struggle and hence inherent contact stability. Within this envelope, a virtual

mechanical layer based on Virtual Model Control (VMC) [34] adds virtual springs and dampers

that dynamically modulate the stiffness, force, or pose at the fingertips.

VMC has previously been applied to compliant reaching and passivity-based tuning on

robotic manipulators [35, 37, 38]. In this work, we extend VMC to multi-fingered, tendon-

driven hands, introducing the online stiffness modulation and proprioceptive sensing that dex-

terous manipulation requires. In doing so, we can now obtain dexterous grasping and manipula-

tion by attaching virtual springs and dampers from the fingertips to an object or task. Rather than

imposing a single impedance at the end effector or object, this assigns each finger its own virtual

elements, whose parameters are set per task and can be optimized online, and the internal forces

between fingers follow directly from their configuration. Because each element is attached to

a specific hand segment with a defined stiffness, compliance is placed exactly where the task

requires it, which guarantees interpretable behavior. Varying the anchoring points and strengths

of these elements significantly adapts the hand online, so that most tasks, even complex motions

such as in-hand manipulation, are achieved by modifying a single virtual mechanism rather than
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through complex kinematic or impedance control. Unlike impedance controllers that cancel the

dynamics, VMC acts on the kinematics and leaves the natural dynamics in place, reducing the

need for a high-fidelity dynamic model [36]. Mechanical compliance filters high-frequency

disturbances, providing robustness, while VMC shapes slower objectives such as stiffness and

force tracking. The hand can thus span the force-displacement space, from stiffness program-

ming to position or force control, while maintaining passivity [6], and tuning the virtual mech-

anisms defines a task-optimized hand configuration on a single fixed hardware platform. In

addition, combining the known virtual mechanisms with the mechanical model allows finger-

tip contact forces to be estimated from motor feedback (proprioception) alone, without tactile

sensors. This estimate can in turn drive online optimization of the virtual mechanisms to adapt

fingertip forces in response to sensed contact.

To demonstrate our approach, we first evaluate the approach on a single-finger test bed,

to characterize low-level behavioral properties, before translating this to our designed ADAPT

hand to assess their effect on manipulation tasks (Fig. 1b). We demonstrate that programmable

passive compliance lets the hand vary guitar-playing styles online, and show that online stiff-

ness modulation supports stable in-hand manipulation and dynamic grasping of soft objects. We

validate the resulting sensorless exteroception, a proprioceptive contact-force estimate, against

a ground-truth load cell and use it to classify object compliance. Finally, independent op-

timization of force, position, or stiffness improves tracking performance during online grip-

force adaptation while grasping and picking objects. Together, these results show that when the

physical mechanics set the bounds and virtual mechanisms tune behavior within them, a single

biomimetic hand can move continuously between delicate, forceful, and dexterous interactions.
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Results

Virtual Model Control allows the passive response of the hand to be adapted online, from a

kinematic model of the transmission alone. We demonstrate this on our adapted version of the

ADAPT Hand V3 [39, 40] and on a single-finger test bed which reproduces its index finger

(Fig. 2a). The ADAPT Hand is a 15-degree-of-freedom (DOF) anthropomorphic hand with five

digits. The index, middle, ring, and pinky fingers share the same structure, while the thumb

has two additional DOFs at the carpometacarpal (CMC) joints. Its tendon-driven actuation,

silicone skin, and a spring in series with each metacarpophalangeal (MCP) joint set the range

within which the passive response of the hand can be shaped [33]. The series springs bound

the maximum joint stiffness, while the skin, beyond providing a baseline compliance, deforms

under contact to increase the contact area and improve grip stability.

The wrist is mounted on a UR5 arm, controlled in position, and in each finger the MCP joint

is actuated independently while the proximal interphalangeal (PIP) and distal interphalangeal

(DIP) joints are constrained to a common rotation. The finger test bed shares the same silicone

skin, tendon routing, and joint design as the hand’s index finger, driven via Bowden cables. The

PIP and DIP move together through the same actuator. The finger test bed is mounted on a UR5

robot that presses against a load cell, used here as ground truth, recording the normal force with

respect to the covered distance.

The robot hand is controlled with VMC, thus combining two sources of compliance: the

mechanical properties of the hardware, thanks to tendon-based actuation, silicone skin, and a

spring in series to the MCP joint, and the virtual properties set by VMC. Virtual elements are

superimposed onto the kinematic structure of the hand and mapped to its actuators according

to how these forces interact with the robot’s own state, allowing predictable dynamic behaviors

to be replicated (Fig. 2b). Online tuning of virtual parameters allows modulation of compli-
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ance as a function of known control inputs, differentiating the behavior of the fingers during

in-hand manipulation or applying different, time-varying wrenches to the grasp. Knowledge

of the control architecture, merged with a prior estimation of the tendon-driven transmission

loss, allows sensorless force estimation and environmental compliance classification. The same

differentiable model used for sensing can also close the loop with the virtual elements, opti-

mizing where on the kinematic structure they act and how their parameters evolve online, to set

different robustness to external forces according to the desired grasp force.

To demonstrate this method, we systematically demonstrate the control capabilities on sin-

gle fingers, evaluating tuning of passive properties, online adaptability, force and stiffness sens-

ing, and contact force regulation. Extending this control to a full hand, we then show how these

capabilities translate into robust and varied manipulation, spanning music playing, grasping,

in-hand manipulation, and sensor-free force control. In all experiments we introduced friction

compensation, consisting of continuous motor wobbling to minimize static effects [41]. This

mirrors physiological tremor, thought to keep the motor system in a dynamic rather than static

friction regime [42].

Programmable passive compliance

Programmatically varying the passive compliance of the hand is important for passivity-based

environmental interactions, which underpin many manipulation and exploration tasks. This lets

a hand yield to conform to a surface of unknown shape at contact, modulate the resistance

and sound produced while playing an instrument, and absorb impacts or safely bear added

weight. To achieve programmable passive compliance on our robot hand, its natural properties

are augmented with different virtual elements, including springs and dampers, both cartesian

and torsional, carts, and repulsive elements. These elements can be intuitively added to the

system to change behaviors [43]. If these elements do not change over time, the controlled robot
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can be thought of as a tunable passive system, whose energy does not increase over time and

which in turn creates predictable responses while maintaining stability. VMC provides tunable

robustness to unplanned contact and absorption of interaction energy, acting as a bidirectional

filter for noise and deformations.

To characterize the capacity of our VMC-augmented robot to show programmable passive

compliance, we measure the force-displacement profiles of the single finger under different

control conditions. Extending this to the full hand, we show how, using the same hardware, we

can change how the hand interacts with the environment, through the scenario of wrist-driven

guitar playing.

Because a hand must accommodate objects whose shape and stiffness are unknown before

contact, dexterous manipulation requires a compliant response that can be shaped independently

of the underlying hardware. We first ask how much of this shaping is available through VMC

applied to the finger test bed, using the load cell plate to measure the fingertip normal force

(Fig. 3). We evaluate this capacity to modulate the magnitude of the change in joint space and

task space, the robustness to the initial contact pose, and the programming of directionality.

To first evaluate modulation of joint-space passive compliance, the finger is augmented by

virtual torsional springs placed at the MCP, PIP, and DIP joints (Fig. 3a), always paired with

dampers. All of these share the same stiffness Kθ, regulated during the experiments; the ref-

erence angle of each spring, its unloaded target angle, is at 30◦. The UR5 always starts from

the same initial pose, while the control elements are continuously applied to the system. The

arm descends for 20 mm, after which it is lifted and brought back to the initial pose. We plot

fingertip normal force, measured by the load cell, with respect to the vertical distance moved.

Each measurement is repeated 5 times for reproducibility. We obtain different curves varying

Kθ up to 0.6 N ·m/rad, up to which we notice that the stiffness of the system remains the same,

although the initial force slightly increases. We define this as the saturation effect. Because
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the force-distance curves are mediated by the static contribution of the finger elements, includ-

ing skin, joints fabrication, and tendons, the effective stiffness of the system ∆F/∆d exhibits

a nonlinear behavior as Kθ progresses. Moreover, this has a lower bound for small values of

the control stiffness. The system can be, as first approximation, modeled as the superposition

of three stiffnesses (Fig. 1a): a VMC layer on top of the hand, which modulates the compli-

ance transmitted from the motors to the system, a spring parallel to this layer that increases the

achievable stiffness and introduces a lower bound, and a series spring that limits the achievable

properties to a stiffness of around 200 N/m. Furthermore, due to the static friction between the

silicone and the plate of the load cell, the force-distance curve exhibits a hysteretic behavior

while the arm rises, with lower forces on average (Supplementary Movie 1).

To show the versatility and intuitiveness of the control architecture we attached a task-

space cartesian spring to the fingertip, with its rest position fixed in the frame of the UR5

wrist mount. A cart constrains the spring to act only along this vertical direction, letting the

horizontal component of the fingertip’s own trajectory pass through unconstrained (Fig. 3b). As

a result, all the non-vertical force components are zeroed during motion. The spring stiffness Kc

spanned values up to 250 N/m. The effective stiffness shows nonlinear behavior as a function

of the virtual stiffness, with a saturation effect that settles at very close values compared to the

rotational springs setup (Supplementary Movie 2).

During a grasp the finger meets the object at a pose that is not known beforehand, so we test

whether the modulation authority shown above still holds when the initial contact pose changes.

In this experiment, the initial arm pose was shifted either up or down by 5 mm, with the total

descent reduced to 10 mm, to lead to different finger poses. In Fig. 3c we compare the curves

corresponding to the shifted initial conditions with the baseline set to the usual starting point.

The procedure was repeated for Kθ as 0.6 N · m/rad and 0.1 N · m/rad. The stiffness of the

finger remains consistently higher in the former case, while in both cases the stiffness increases
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when the finger starts closer to the load cell, as the torsional springs are more compressed from

the beginning. The ordering between soft and stiff is therefore preserved across poses.

The virtual elements allow full control of passivity, not only in terms of stiffness modulus

but also in directionality. For example, by adding a cartesian spring at the fingertip, attached to a

cart with tunable direction ϕ, we can change the axis along which the force-displacement model

acts on the robot (Fig. 3d). The stiffness of the spring is kept constant. The force increases for

higher cart angles due to the interplay between the finger kinematics, which is bent, and the

mapped virtual force. Since contacts occur at orientations that depend on the object and on how

it is presented to the hand, tuning magnitude and direction together allows the compliance to

be aligned with the contact rather than with the finger. The same principle can be applied by

tuning the stiffness ellipsoid along the normal direction to the fingertip, as shown later.

The tunability of passive compliance should also shape the grasp’s dynamic behavior and

how the hand interacts with time-varying loads, and is verified via a guitar playing experiment,

where varying the torsional spring stiffness changes both the resistance felt during strumming

and the resulting sound. The whole hand is kept in a fixed pose through virtual torsional springs

at every joint, which keep the thumb and pinky lifted while the other fingers are bent in a fixed

position (Fig. 4a). During the approaching phase, these three fingers slip beneath the bass

string. Although when the hand is not interacting with the guitar its pose is the same for all

control parameters, a higher Kθ offers more resistance during strumming. The hand is then

lifted by the arm up to a fixed pose, and this allows releasing of the string. The vibration of

the plucked string gives a sound readout of the dynamic interaction. It is recorded by a camera

microphone and reported as RMS on arbitrary, common units for the three experiments. The

peak value during strumming increases with finger stiffness, consistent with a stiffer virtual

spring returning more of the string’s elastic energy rather than absorbing it, producing a sharper

pluck (Supplementary Movie 3, with audio).
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External loads are shared between control and hardware compliance, and which one yields

depends on their relative stiffness. With a soft virtual controller, the load is taken up by the

controller. With a stiff one, it is absorbed instead by the hand’s own hardware compliance.

This defines a safety margin against unexpected or excessive loads that exists independently of

what the controller is commanding. This trade-off is validated in Fig. 4b. The hand holds a

hook grasping pose, where the index is bent to hold a varying weight and an operator iteratively

adds three 100 g-loads. This is repeated in two cases: a softer controller, whose compliance

overcomes the hand’s one, and a stiffer variant that is instead more rigid. The graphs report

the cumulated motor deviation across all joints. In the first case the motor encoders record an

increasing deviation when adding weights, indicating a deflection of the virtual springs. The

deviation remains the same with either 2 or 3 weights as the finger is fully straight already.

Conversely, in the second case the virtual spring holds with negligible rotation, while the hand

compliance bears the load, leading to a deflection not recorded by the encoders (Supplementary

Movie 4).

Online stiffness modulation

A fixed set of virtual elements gives the hand only one interaction response, when dynamic in-

teractions and grasps need temporally varying properties. Approaching an object require a high

compliance to conform to an unfamiliar shape. Grasping instead requires a firmer, more stable

configuration, with lower compliance and higher rigidity to resist disturbances and support the

payload. Different fingers may even need to play these two roles at once, as when some digits

shape an object while others already secure it. The hand can access this whole range in real

time: rather than replacing the virtual elements introduced above, VMC lets their stiffness and

rest configuration be adapted online. This adaptation can happen either across fingers or over

the course of a single grasp, so the characterized soft-to-rigid spectrum can be commanded on
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demand rather than fixed at controller design. To demonstrate this, we carried out a series of

experiments on both the finger and hand platforms, first modulating the virtual parameters as a

function of a measured or scheduled signal, then adapting them online during in-hand manipu-

lation and dynamic grasping.

Our first stiffness adaptation strategy scales stiffness automatically with contact. A grasp

that starts soft and stiffens only once it registers force behaves cautiously during approach and

firmly once contact is established, without needing to know in advance when contact will occur.

The first experiment on the finger (Fig. 5a) implements this stiffening-under-contact behav-

ior: the joint stiffness change is scheduled on the normal force F measured by the load cell,

and therefore applied on the fingertip. The control architecture consists of torsional springs at-

tached to the MCP, PIP, and DIP joints, each sharing the same scheduled parameter Kθ(F ). The

stiffness of the springs increases monotonically up to saturation, with a slope that increases ac-

cording to a factor α and is zero if the factor is null. We compare two cases against the constant

baseline, the stiffness varying while the arm to which the finger is attached descends. With an

intermediate value of α, the force reached by the finger increases considerably as the stiffness
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approaches saturation. With an higher value, the force is highest even at low distances, settling

at similar values to the intermediate case at greater distances. Notably, although the normal

force closes the loop with the load cell output here, the same behavior can be implemented

using the force estimation algorithm presented later.

Stiffness properties can also be varied independently of interaction. Because virtual el-

ements compose additively, a new mechanism can be layered onto an existing controller to

reshape the response only over part of the stroke, for instance to soften an approach near a

known depth without altering the baseline elsewhere. Given the intuitiveness and composition

properties of the virtual elements, the controller can be modified online by introducing addi-

tional mechanisms that interact with the hand in the same way, further mapping fictitious forces

into the motors. We introduce Gaussian repulsive springs in Fig. 5b by attaching them to the

fingertip while torsional springs remain active at the individual joints. These springs introduce

a (passive) repulsive force field Fg that pushes the fingertip away from a fixed reference ac-

cording to the offset ∆z, as shown in the figure. The Gaussian springs are activated halfway

through the descent and deactivated halfway through the ascent, reducing the overall force near

the reference while leaving the response elsewhere unaffected. Two strengths of repulsion were

validated against the baseline controller, showing effective force reduction during the motion.

At the hand level, stiffness regulation is important not only for grasping but also for in-hand

manipulation. Dexterous manipulation requires stiffness to be redistributed across fingers or

scheduled in time to shape how a multi-contact grasp unfolds. We demonstrate this benefit

through two experiments. First, we show that different stiffness profiles can be dynamically

assigned to the fingers, resulting in in-hand manipulation without any prior knowledge of the

shape of the object or its placement in the hand. Second, we show that tuning the time evolu-

tion of the virtual stiffnesses during different grasp phases results in different behaviors when

interacting with objects. The controller for both in-hand manipulation and dynamic grasping
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consists of lower-stiffness rotational springs at the finger joints, coupled with 5 cartesian springs

attached to the fingertips, modulated in stiffness (Kt) during the tasks and whose references

mimic the first principal component (PC1) of human grasp types [44].

In-hand reorientation is typically obtained by planning finger trajectories against a model of

the object and regulating the contacts through finger gaiting [45]. We demonstrate that stiffness

redistribution alone, with no change in finger position, is sufficient to reorient a grasped object.

The fingers are never commanded to a new position; only the stiffness of the virtual elements is

redistributed, and the object reorients as the equilibrium of the grasp moves. In-hand manipu-

lation (Fig. 6a) is performed using a Thermoplastic PolyUrethane (TPU) helicoidal cylinder as

the manipulandum, which is provided to the hand during the grasp by an operator. During the

closing phase, denoted as uniform grasp, the fingers wrap around the object keeping a constant

and highly compliant cartesian stiffness. This choice allows the hand to conform to the wrapped

object, adapting to it without any geometric prior. Then the cartesian stiffness of the fingers is

changed linearly, with slow adaptation to limit the amount of energy locally injected into the

augmented robot. First, the radial fingers (index and middle) are assigned a very high Kt to

increase the exerted force, while the ulnar fingers (ring and pinky) are made more compliant by

assigning most of the elastic response to the torsional springs. Then the grasp shifts from radial

to ulnar by inverting the stiffness distribution. At the same time, the thumb is made slightly

more compliant, as this allows rotation of the cylinder. As the grasp shifts from radial to ulnar,

the cylinder’s axis tilts accordingly, showing that the redistributed stiffness reorients the ma-

nipulandum rather than simply redistributing contact force (Supplementary Movie 5). We show

contact forces, estimated with the force sensing algorithm presented below, and cartesian spring

lengths per finger according to the three conditions (uniform, radial, and ulnar grasp). Uniform

grasp leads to uniform contact forces and spring lengths on all four fingers, while the thumb’s

contact force is much bigger due to the CMC springs. Conversely, radial and ulnar grasps imply
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high forces and low spring lengths on the respective fingers.

The dynamic grasping experiment tests whether scheduling fingertip stiffness over time

(soft, stiff, or an adaptive transition between the two) allows a single grasp to conform gently

on approach and hold securely once closed (Fig. 6b). It consists of the approaching, grasping,

and lifting of a yarn ball while the arm moves at a constant speed of 8 cm/s, never stopping

the motion when the hand closes (Supplementary Movie 6). The hand starts the motion at a

partially flexed posture, then triggers the closing at a known distance. Three grasps were tested:

a soft grasp, characterized by low cartesian stiffness, a stiff one, with high Kt, and an adaptive

alternative where the cartesian stiffness increases from soft to stiff after the fingers have closed.

We plot the estimated contact forces on the five fingers, which are lower for the soft grasp and

higher and more uniform for the stiff one. The adaptive grasp, on the other hand, transitions

between the two. Although all successful, the various grasps maximize different objectives: the

compliant one highly conforms to the object with low deformations and minimal contact force,

although less robust to disturbances; conversely, the firmer grasp introduces higher stress and

deformation onto the yarn ball, as in the picture, while requiring higher actuator effort. Finally,

the adaptive grasp gives the hand time to conform to the object while closing, but increases the

hold robustness after that.

Sensorless exteroception

Force control of robotic manipulators allows model-based estimation of the contact wrenches,

given kinematic and contact information [46, 47]. As a consequence, open-loop estimation of

contact forces and environmental stiffness is possible by merging the virtual elements feedback

with the control architecture. The control compliance serves a double purpose, where the de-

formation that absorbs impacts is the same one that encodes contact force. Using only motor

encoders enables both force and displacement estimation during contact, which can be used for
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perception, supporting or even replacing costly force sensors as a first approximation (Fig. 7a).

We characterize and demonstrate the force sensing capabilities of the hand using the finger

test bed (Fig. 7b). The control architecture is a set of three rotational springs at the MCP, PIP,

and DIP joints, with a fixed rest angle, although the estimation remains valid for a generic set

of virtual elements. The model takes as input the estimated contact direction, which in this

case is known to be orthogonal to the load cell but can be assumed or sensed otherwise. The

virtual elements produce known torques at the motors, which are then mapped through the

finger kinematics to the desired force direction. However, tendon losses [48] and unmodeled

dynamics introduce a reduction in the applied force, which we model as a linear transformation

through a diagonal, less-than-unity transmission gain. To estimate this gain, we pressed the

finger on the load cell 200 times, randomly sampling MCP, PIP, and DIP stiffness triplets from

Kθ ∈ [0.05, 1.0] N · m/rad, and fitted the transmission gain to the acquired data. Across this

sweep the fingertip forces span 0.4 to 1.5 N, a range set by the finger’s own stiffness bounds

and geometry rather than by the sensing method. The resulting model has R2 = 83.6%, with

good accordance between estimated and measured forces. However, the transmission is not

perfectly linear, due to friction effects and cable slack or routing. Validation on different VMC

architectures is shown in the Supplementary Material.

A grasp that can also tell what it is holding, soft or rigid, gains information useful to plan

the rest of the manipulation, without adding a dedicated sensor. When interacting with the

environment, the hand can estimate its applied force and measure the resulting displacement

of grasped objects. We demonstrate this on three objects of increasing compliance (Fig. 7c):

a rigid PolyLactic Acid (PLA) sphere, a kitchen sponge, and the yarn ball introduced previ-

ously. The control architecture consists of five cartesian springs and dampers, one per fingertip,

each attached at a reference pose corresponding to a high-flexion posture along the PC1 syn-

ergy [49]. The stiffness of the four non-opposable digits Kt is kept constant within each phase,
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while the thumb stiffness Ksensing varies. Compliance is sensed in two phases. During probing,

the stiffness is set to a low and constant value; once the grasp converges, estimated force and

displacement are recorded to establish a baseline. During squeezing, the four non-opposable

digits remain held at Kt, while Ksensing is swept through a range of values, and the displacement

with respect to probing at each step is used to estimate the object’s compliance (Supplemen-

tary Movie 7). Compliance is estimated as the ratio between fingertip displacement and the

corresponding force variation, assuming contact to be happening normal to the phalanx. Each

experiment is repeated 5 times. Notably, the estimated object compliance includes displace-

ment coming both from the environment and from the compliant hand elements, since only the

virtual variations are recorded. This provides more of a classification than an absolute compli-

ance value. At the lowest sensing stiffness, Ksensing = 50 N/m, the classification separates the

rigid PLA sphere from the two compliant objects, while poorly differentiating sponge and ball.

Increasing Ksensing leads to increasing forces and displacements, which result in more accurate

and consistent classification. Compliance values overall increase due to the hand’s own contri-

bution, although the increase is not monotonic, since the saturation effect makes the estimated

force variation larger than the effective one at high sensing stiffness.

Optimized force control

Sensorless force estimation shows that, to a first approximation, contact force can be estimated

from the motor state alone. Because the same mapping from virtual parameters to fingertip force

is built from elementary functions, springs and their kinematic composition, it is differentiable,

and the mismatch between estimated and target force can therefore be minimized directly rather

than only measured. This turns the model from a sensing tool into a control one, allowing force

to be tuned alongside position and stiffness rather than left as a byproduct of a fixed controller.

The system can be thought of as a composite mechanism, a passive design over which virtual
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elements are placed and can be optimized to satisfy control objectives. In this section, we adapt

the stiffness and reference point of the springs to track a desired force profile. Although the

resulting wrench is the same, the augmented structure responds differently: tuning compliance

implies tuning how the system responds to external perturbations, while shifting the spring

operating point modifies the rest pose in the absence of contact. The optimization pathway

gives closed-loop control over the full force-displacement relationship (Fig. 8a).

The main adaptation algorithm is a gradient descent method which differentiates over the

proposed model. As a baseline, we choose a heuristic adaptation method consisting of a scalar

proportional update that corrects the virtual model parameters directly from the force error,

without evaluating the model’s local sensitivity.

We tested the performance of the closed-loop adaptation of the joint stiffness (Fig. 8b). We

denote this algorithm force and pose control, since the spring’s rest pose is held fixed, control-

ling position in the absence of contact, while the joint stiffness is tuned against the load cell

force to track contact wrenches. We tracked a square wave, repeating each experiment 5 times.

Each plot shows the reference signal, the measured normal force, and its smoothed version F̃ ,

enveloped in its own standard deviation band, which removes the friction-compensation wob-

bling and lets the underlying trend be appreciated. The gradient descent algorithm minimizes

the force loss, defined as the squared error norm, over the stiffness landscape with a given step

size; heuristic adaptation instead updates the joint stiffness proportionally to the force error,

using the same step size (10−4) for a fair comparison. Performance is quantified by the RMSE

between F̃ and the reference, and by the transition time, defined as the time for the response to

rise or fall between 10% and 90% of each step’s amplitude. On average, including the model

sensitivity improved tracking performance by 28% in RMSE and 56% in transition time.

Similarly, we tested the closed-loop adaptation of the operating point (Fig. 8c). We denote

this algorithm force and stiffness control, as it changes the unloaded finger state while keeping
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the per-joint stiffness fixed. The gradient is evaluated with respect to the reference position

landscape, while heuristic adaptation corresponds to a proportional controller, sharing a step

size of 5 · 10−4. On average, model-based gradient descent improved tracking performance by

23% in RMSE and 60% in transition time.

The VMC sensing capabilities can also be integrated into control to provide open-loop force

adaptation. The experimental results are shown in Fig. 8d. The finger was asked to track

three force setpoints of increasing magnitude, without relying on any feedback, using the same

architecture as the closed-loop control, with both gradient-descent algorithms. The measured

force followed the shape of the reference at each step, while the model’s force estimate slightly

overestimated the reference in magnitude. We therefore also plot the rescaled force signal

(dashed line), with the scale factor found to be 0.88 for both algorithms. This rescaled curve

followed the reference more closely, indicating that the mismatch with the target force was

purely multiplicative rather than structural, and could be attributed to higher transmission losses

due to either friction or tendon stretch. The model therefore captures the force-displacement

relationship reliably even without closing the loop.

Dexterous manipulation requires online tuning of grasping force, modulated by a stiffness

that determines how firmly the hold resists being pulled away. We designed the apple grasping

experiment (Fig. 9a) to demonstrate that online force adaptation lets a grasp’s robustness to

disturbance be set on demand, holding an unknown object under a sustained pulling force. The

same gradient-descent algorithm adapts the estimated holding wrench online. The control ar-

chitecture consists of five cartesian springs attached to the fingertips, whose stiffness Kt is tuned

online to match a desired fingertip force. As with the previous open-loop force estimates on the

hand, we assumed contact to be normal to the phalanx. The apple hung from a thread, itself con-

nected to a rubber band acting as a nonlinear spring. The hand first approached the apple from

below, then the fingers closed onto the fruit at a fixed cartesian stiffness, after which force was
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for the three fingertip force conditions. After grasping the apple, the arm descends and maintains

the hold under a firm grasp throughout the elastic disturbance. Under a medium grasp, the hold

is lost only once the elastic force exceeds a threshold, while under a light grasp it is lost from
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adapted (10−5 step size). We repeated the experiment three times, each with a different grasp:

firm (0.80 N fingertip force target), medium (0.20 N), and light (0.02 N). After the target was

reached, the arm descended by 15 cm while trying to hold the force (Supplementary Movie 8).

The elastic band introduced a distance-dependent perturbation that grew as the arm moved from

the starting pose, so that the descent swept through increasing disturbance magnitudes. Because

stiffer mechanisms reject disturbances more, the hand maintained the hold differently across the

three grasps: in the firm case it kept the apple until the end of the descent, in the medium one

release happened halfway through, and with a light grasp the hold was lost almost immediately.

The algorithm was unaware of the apple’s geometry throughout, and adapted force exclusively

from motor feedback. We plot the estimated fingertip forces at the start and end of the grasp

(Fig. 9b). The estimated forces on all five fingers converge to the target. Moreover, the initial

cartesian stiffness Kt = 40 N/m produced estimated forces already close to the firm wrench,

meaning that fingertip force only needs to decrease for the other two grasps.

Benchmarking and controller validation

The previous sections characterized the response of the augmented hand under control, without

comparing it to the response of different hardware designed to be compliant. Here we close that

gap by using VMC to mimic a specific passive mechanism’s interaction behavior in software,

aiming to match its tunable stiffness range to a real physical target, and, in the absence of

contact, the same virtual elements can instead act as a pure position controller. We benchmark

the VMC against two printed fingers whose compliance is fixed at fabrication, and which define

the reference force-displacement profile the controller has to reproduce.

The two passive fingers, one soft and one stiff, are fixed physical targets for the controller

to match. Their phalanxes share the same length as those of the VMC-modulated finger, as well

as width and material (PLA). The two mechanisms differ in the joints, which both maintain
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an angle of 30◦ at rest, but are designed differently with thinner joints for more compliance in

the soft finger and thicker ones for more stiffness in the hard finger (Fig. 10a). These joints

can be described as (nonlinear) torsional springs. We characterized the force-displacement

curves by mounting the fingers onto the UR5 arm and descending by 20 mm and back 5 times

(Supplementary Movie 9). As with the active finger, these mechanisms exhibited lower average

forces when ascending.

The TPU joint stiffness is nonlinear with distance, whereas our controller relies on linear

torsional springs at the MCP, PIP, and DIP joints, for simplicity. We therefore consider two

cases. In the first, a single linear stiffness is fitted to match the overall compliance of the

passive finger over the whole trajectory, without matching the force directly, since we are only

interested in reproducing the compliance behavior. In the second, the linear stiffness is instead

adapted online to locally linearize the TPU stiffness curve at each point, while simultaneously

modulating force by adapting the reference.

The first experiment compares the VMC-tuned finger against the two mechanically passive

fingers, matching a single stiffness value for the whole run. To do so, we tune the parameters of

a shared VMC architecture, torsional springs at the three finger joints, once per run (Fig. 10b).

To tune the virtual stiffness, the effective stiffness calibration curve was used to extrapolate the

virtual parameters which were in turn fed to the controller during the arm movement, assuming

piecewise linear interpolation over the sampled points. The mechanism achieves stiffnesses of

64.0 ± 3.7 and 95.0 ± 4.1 N/m, compared to the passive baselines of 55.6 ± 1.0 and 81.9 ±

1.3 N/m. We report both these values onto the calibration curve and the force-displacement

graph comparing TPU and VMC fingers.

The second experiment compares the VMC-tuned finger against the TPU fingers locally,

along the whole trajectory rather than at a single stiffness value. To do so, we tune the rotational

stiffness Kθ via feedforward stiffness inversion, estimating the local fingertip stiffness Kn from
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a Force-displacement characterization of the soft and hard passive TPU finger joints, loading

(solid) and unloading (dashed). b VMC compliance reconstruction: calibration between mea-

sured TPU stiffness and a uniform virtual stiffness Kθ (left), and resulting force-displacement
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starts at a preload of 0.78 N against 0.38 N for VMC; in the soft case, both start at 0.29 N. c Lo-

cal stiffness inversion: fingertip stiffness Kn is inverted into a joint stiffness matrix (MCP-PIP-
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per digit) and the spread joint, each bounded by its corresponding joint limits.
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the TPU curves and projecting it back onto the joints according to the finger’s kinematic state.

As a result, the system’s stiffness is locally equivalent to the (linearized) TPU stiffness. To

remain above the lower stiffness bound, a small additional stiffness of 0.05 N · m/rad is added.

We plot the mean eigenvalue of the stiffness matrix as a function of distance for both the descent

and ascent phases (Fig. 10c), and observe that it mirrors the slope of the TPU force-displacement

characterization. To also ensure force tracking, we added a control layer consisting of gradient-

descent adaptation of the angular reference; the VMC finger closely tracks the TPU profile

during both ascent and descent, with force noise due to friction compensation.

Grasping also requires the hand to reach a prescribed preshape before contact occurs, so

the same elements should provide position tracking without a separate controller. When the

hand is not grasping, or contact is absent more generally, the VMC layer acts as a pure posi-

tion controller, mirroring a distributed PD controller. The hand tracks the reference pose by

minimizing the overall potential (virtual and mechanical, combined) at equilibrium, with stiffer

architectures leading to better accuracy (Fig. 10d). To prove this claim, we provide two exam-

ples tracking reference poses with a stiff control architecture, consisting of torsional springs on

each kinematic joint, even when multiple joints share a single actuator, as with PIP-DIP cou-

pling or finger spread. Both targets are inspired by the first two principal synergies of human

grasps [44]. The two radar plots show, for both components, the desired and tracked joint angles

clustered by finger, with each axis bounded by the corresponding joint limits (Supplementary

Movie 10).

Discussion

To carry out dexterous manipulation, a hand must be able to deal with the forces exerted by

objects whose shape, position, and degree of compliance are usually unknown in advance. The

controller itself is superimposed on the passive hardware and therefore should not work against
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the mechanical characteristics of the body. In this paper we demonstrate that the compliance

profile of a tendon-driven hand can be regarded as a control variable rather than as a fixed prop-

erty determined at design time. Virtual mechanical elements are superimposed on the kinematic

structure and mapped to the actuators through virtual work, thereby augmenting the physical

compliance rather than compensating for it. The mechanical design sets the stiffness range in

which the hand can operate, while the virtual elements shape the response inside this range,

in a way that mirrors human manipulation. The mechanical design and the virtual elements

therefore serve complementary purposes. Mechanical compliance operates without feedback

control and is unaffected by sensor or actuator error, but it is fixed once the hand has been con-

structed. Virtual compliance can be adjusted in real time and is obtained by addition, although

it is limited in bandwidth by the sensors and actuators that implement it. On this basis, the same

architecture is able to shape the passive response of the hardware, reproduce compliance that

the hand does not naturally possess, manipulate unmodeled objects by redistributing stiffness,

estimate contact force and object compliance without dedicated sensors, and regulate grip force

in closed loop. All of these functions are derived from the kinematic model alone.

Most grasping strategies assume that a model of the object is available, and therefore that the

grasp matrix is known, an assumption that becomes more demanding when the object deforms

under contact [50]. Classical force control is likewise built around a known contact geome-

try [51]. Compliance makes it possible to avoid both requirements. A passive robot that is

interconnected with any passive environment remains stable, and physical objects are passive,

so preserving passivity removes the need for an object model and turns compliance into a de-

cision that is taken before any control action. A rigid hand responds identically regardless of

what it touches, whereas a compliant hand adopts a pose that depends on the object. Our control

method shapes virtual elements within the range allowed by the mechanical design, which gives

programmable, predictable, and optimized behavior when grasping and manipulating objects.
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Because each virtual element is attached to a specific hand segment, the allocation of stiffness

across the hand remains explicit and physically interpretable. The method is general and can be

applied to realize the desired behavior of any passive hand whose kinematics and transmission

are known. Virtual Model Control provides an intuitive framework in which the compliance

of the hand can be programmed for each task, including in-hand reorientation and dynamic

grasping, without prior knowledge of the shape of the object. In addition, onboard instrumen-

tation can be reduced or complemented by estimating contact forces and inferring properties

of the touched object. Finally, the desired grasping forces can be imposed by optimizing the

magnitude and placement of the virtual elements.

These properties are well suited to settings in which objects are variable, poorly modeled,

or fragile, and where adding sensors to the hand is impractical. Food and agricultural handling

is one example, since items differ in size and compliance and tolerate only a narrow band of

contact force, which is better respected by a grasp specified in terms of force than of finger

position. The absence of additional sensors is also an advantage for prosthetic and assistive

hands, where mass, cost, and the fragility of surface-mounted electronics are limiting factors.

At the same time, passivity by construction is useful in shared workspaces and in teleoperation,

where stability has to hold against an environment that has not been characterized beforehand.

There are a number of limitations that come with this lightweight approach. Passivity is

only guaranteed for elements that are frozen in time. Every online modulation of stiffness or

reference injects energy, so the adaptation of these elements has to be kept slow relative to

the interaction in order to preserve passivity. For the sensing, we assume that contact is al-

ways normal to the phalanx, which is the most likely outcome during grasping. Finally, the

recorded tendon displacement combines the deflection of the object and of the hand, so compli-

ance sensing ranks objects rather than measuring them. These trade-offs and limitations could

be addressed through changes to the VMC method and formulation. Explicit energy accounting,
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for instance through a tank budgeting the work done by varying stiffness, would allow faster

modulation [52]. Estimating the contact normal online would extend the sensing model beyond

enveloping grasps, and a calibrated model of the compliance of the hand itself would make it

possible to quantify object compliance. Changes to the hardware, such as stiffer or softer se-

ries springs at the MCP joints or a different skin material, could shift these physical limits and

extend the approach further. Beyond this hand, since the mapping only requires the kinematics

and a transmission model, the same construction can be applied to other compliant systems. In

all cases, the controller behavior remains traceable to a small set of mechanical choices, namely

springs, dampers, and their references, rather than to a black-box mapping, which makes the

approach intuitive and explainable.

Methods

Experimental platforms

Experiments were performed on two platforms sharing the same finger design, actuation prin-

ciple, and control stack. The full system is the ADAPT Hand [39], an anthropomorphic tendon-

driven hand equipped here with modular fingers from a benchmarked design [40]. Of its fifteen

actuators, thirteen are torque-controlled and enter the virtual model controller: four for the

thumb (CMC1, CMC2, MCP, IP), one driving the spread of all four fingers, and one MCP and

one PIP actuator per finger. The two wrist actuators are held in position mode and excluded

from the controller. Mechanical compliance is distributed rather than localized [33], arising

from the elasticity of the Bowden routing of the tendons, from a spring in series with each MCP

joint, and from the silicone skin covering the phalanges. Phalanges are printed in PLA.

The second platform is a single-finger test bed reproducing the index finger, with the same

skin, tendon routing, and joint design. Two actuators drive three joints: one commands the

MCP, the second the PIP, and the DIP follows the PIP through a mechanical mimic coupling.
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The finger is mounted on a UR5 arm commanded over RTDE. Normal contact force is measured

by a load cell read through HX711 amplifiers by an Arduino.

All actuators are Dynamixel XC330-T288-T units operated in current mode, addressed

through ROS2 Humble on a laptop, with the USB latency timer reduced to 1 ms. The vir-

tual model controller runs at 900 Hz on the single finger and at 330 Hz on the full hand, the

difference reflecting the number of actuators polled per cycle.

For the benchmarking experiments, two additional passive fingers were fabricated, match-

ing the test bed’s phalanx dimensions and material (PLA), with joints in Thermoplastic

PolyUrethane (TPU) and the same silicone skin, one softer and one stiffer, serving as fixed

physical references.

Virtual Model Control

Virtual Model Control augments a robot by attaching fictitious mechanical elements to its

kinematic structure and mapping the forces they generate onto the actuators through virtual

work [34, 35]. The controller does not command a trajectory, as it specifies a mechanism that the

robot is asked to behave as though it carried. This distinguishes the approach from impedance

control, which shapes apparent dynamics by usually canceling the natural one [21, 22]: here

no dynamic model is required, only the kinematics enter the mapping, and the physical com-

pliance of the hand is left in place rather than compensated away. For a tendon-driven hand,

whose dynamics are dominated by friction, routing and distributed elasticity that no identified

model captures well, this is the decisive practical difference.

Throughout, q denotes the vector of actuator angles, not of joint angles θ. This distinction

is essential because the mapping between the two is a property of the tendon transmission rather

than the link geometry itself. Accordingly, Jθ = ∂θ/∂q is a transmission Jacobian mapping

actuator displacements to joint displacements, while Jx = ∂x/∂q composes the transmission
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with the link kinematics to describe the Cartesian position x of a point rigidly attached to the

hand. Treating tendon actuation as a distinct kinematic and static stage in this way follows

from the standard formulation for multifingered hands [53]. The formulation that follows is

independent of the particular geometry.

A virtual element is specified by a stiffness Kd, a damping Dd and a rest configuration

dref , all defined on a generalized coordinate d with Jacobian Jd = ∂d/∂q. The coordinate

is unrestricted: it may be a joint angle, a fingertip position, a distance between two points

on the hand, or any differentiable function of the configuration. Any number of elements,

defined in any combination of coordinates, contribute additively to the actuator torque. For

linear elements,

τ =
∑

i

JT
di
[Kdi(dref,i − di)−Ddi Jdiq̇ ] . (1)

Additivity is not incidental: a controller can be assembled by superposition, each element

contributing an effect that can be reasoned about in isolation, and elements living in different

coordinate spaces combine without a change of formalism. The consequences at the point of

contact are made quantitative later.

Damping is specified per element rather than left to the hardware, but is kept small. Tendon-

driven transmissions already dissipate substantially through their routing, unlike other manipu-

lation hardware, which is often built with low intrinsic damping and must obtain any damped

behavior from control [54].

Each spring is defined not only by the force it returns but by the energy it stores. Writing

e = dref − d for its deflection, an element is conservative when its force derives from a storage

function, F = −∂U/∂d with U ≥ 0 and U(0) = 0. This is the property on which every-

thing below rests, so we state F and U for each element used here. The linear spring returns

F = Kde and stores U = 1
2
eTKde. Constraining that spring to a cart, so that it acts only

along a single admissible direction nc, amounts to projecting its stiffness and damping on both
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sides through the rank-one projector Pc = ncn
T
c . The force becomes F = PcKdPce and the

stored energy U = 1
2
eTPcKdPce, which is always non-negative and stores nothing in the con-

strained directions. The Gaussian repulsive element, used to reshape the force response over a

bounded region of the stroke while leaving it unchanged elsewhere, acts on the offset ∆z from

the repulsion center,

Fg = A exp

(

−
∥∆z∥2

2σ2

)

∆z, Ug = Aσ2 exp

(

−
∥∆z∥2

2σ2

)

(2)

and is a bounded potential of maximum Aσ2: it can store only a finite amount of energy,

which is what makes it safe to superimpose on an existing controller. Deadzone springs keep

the joints inside their mechanical range without affecting the response elsewhere. With lim-

its [θ−, θ+], each returns τlim = Klim [max(θ− − θ, 0)−max(θ − θ+, 0)] and stores Ulim =

1
2
Klim [max(θ− − θ, 0)2 +max(θ − θ+, 0)

2], zero inside the interval and quadratic outside it,

so the element is conservative. Dampers store nothing and dissipate ḋTDdḋ ≥ 0. The Supple-

mentary Material derives each of these and gives the remaining variants.

Because the elements are conservative, the whole controller derives from a single scalar

potential U =
∑

i Ui, so that Eq. (1) reads τ = −∂U/∂q −
∑

i J
T
di
DdiJdiq̇: a gradient plus a

dissipative term. Take as storage the total energy of the augmented system, E = U + Uhand +

1
2
q̇TMq̇, where Uhand ≥ 0 is the elastic energy stored in the tendons, series springs and skin.

Differentiating along the closed-loop trajectories, the kinetic term contributes q̇Tτ together with

the elastic and external torques, and the two gradient terms cancel exactly against the potentials

they derive from, leaving:

Ė = ẋT fext −
∑

i

ḋT
i Ddiḋi − Phand ≤ ẋT fext, (3)

where Phand ≥ 0 is the power dissipated by the physical damping of the hand, principally

friction in the tendon routing. Both loss terms are non-negative, so the stored energy can grow

only through work done at the external port: the augmented hand is passive with respect to that
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port, for any number of elements in any combination of coordinates and with no model of the

environment.

Stiffness may also be scheduled during the interaction, and whether Eq. (3) survives depends

on what it is scheduled on. If the stiffness depends only on the element’s own deflection, the

force remains a memoryless function of e, a potential still exists, and passivity is preserved

however sharply the stiffness varies. If instead it is scheduled on an exogenous signal, as in the

law that stiffens with the measured contact force, no potential exists and passivity is no longer

guaranteed. Both families are given explicitly in the Supplementary Material.

Three configurations recur throughout. In the finger-space configuration, torsional elements

act at MCP, PIP, and DIP, defining a stiffness matrix Kd. In the task-space configuration, carte-

sian elements act at the fingertips, optionally cart-constrained, although they can be placed in

other hand positions (see Supplementary Material). The mixed-space configuration superim-

poses both. In all cases the number of elements may exceed the number of actuators, since

Eq. (1) maps their forces onto the actuators through JT
d rather than solving for them. On the

hand, rest positions are usually placed along the first principal component of human grasp pos-

tures [44, 49], as the interaction is mainly shaped by the stiffness rather than by position.

Because every virtual element and the hand itself are passive, their interconnection is pas-

sive [55, 6]. Therefore, the augmented hand remains stable in contact with any passive environ-

ment, which physical objects are [55, 56]. Passivity is thus a property of how the controller is

assembled rather than a constraint imposed during synthesis [57, 58]. The parameters here are

the stiffnesses, dampings, and rest lengths of a mechanism, and are set directly.

This guarantee holds for elements frozen in time. Every online modulation of Kd or dref

injects energy into the closed loop and suspends it. All modulations reported here were made

slow relative to the interaction so that the injected energy remains small. Faster modulation

would require explicit energy accounting, for instance through an energy tank that budgets
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the work done by varying stiffness [59]. Additional theoretical guarantees are reported in the

Supplementary Material.

Contact force and stiffness from virtual work

The virtual elements are known exactly, because they are defined in software rather than iden-

tified from hardware. As first approximation, their effect at the point of contact can therefore

be estimated from kinematics alone, without measuring force. This prediction is the basis of

both the sensing results and the closed-loop control that follows. In the following analysis, we

consider only linear springs, although it can be easily extended to nonlinear elements. With

no loss of generality, all the generalized VMC coordinates are assumed to be stacked into the

vector d.

At quasi-static equilibrium the virtual work performed by the generalized virtual force τ d =

Kd(dref −d) equals the work performed at the physical output, represented by a point x rigidly

attached to the hand, such that ḋTτ d = ẋT fx. Contact restricts which components of the output

motion can perform work. Modeling the interaction as a frictionless point contact [53] along

a normal n, admissible motion is confined to that direction, and ẋ is replaced by Pẋ with the

rank-one projector P = nnT :

ḋTτ d = (Pẋ)T fx. (4)

Setting P = I recovers the unconstrained generalized force in all directions, so Eq. (4) covers

free motion and contact within one expression.

Torques are not transmitted to the joints without loss. Tendon routing and the power stored

in the series compliance dissipate part of the commanded torque [48], which we model by

a diagonal efficiency matrix η in actuator space, with entries in (0, 1] and assumed constant

with respect to q. It approximates transmission losses only (friction in the Bowden sheaths,

tendon stretch, and energy stored rather than delivered by the series elasticity) and not electrical
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losses in the motor, already accounted for by the torque constant, nor actuator stiction, which is

compensated a priori by keeping the actuators in a kinetic friction regime. The efficiency matrix

is identified from data.

Substituting ḋ = Jdq̇ and ẋ = Jxq̇ into Eq. (4), requiring equality for arbitrary q̇, and

including the efficiency gives the balance η JT
d τ d = (PJx)

T fx. Solving in the least-squares

sense yields the force the fingertip exerts on the environment:

fx = ((PJx)
∗)T η JT

d Kd (dref − d) , (5)

where (·)∗ denotes the Moore–Penrose pseudoinverse. Every quantity on the right is either com-

manded or read from the actuator encoders, so Eq. (5) is an estimator of contact force requiring

no force sensor. Practically, the equation computes the torque transmitted by the actuators

η JT
d Kde and maps it onto the contact normal n. When Kd is block-diagonal it decomposes

into a sum of independent contributions, one per element, irrespective of the coordinate in

which each is defined. Consequently, joint-space and task-space elements acting on the same

digit contribute to the tip force by simple summation.

Differentiating the same balance with respect to q gives the stiffness seen at the output.

Retaining only the terms in which the Jacobians are held constant:

Kx = −
∂fx
∂x

= ((PJx)
∗)T η JT

d Kd Jd (PJx)
∗, (6)

a congruence transformation that generalizes the classical joint-to-Cartesian stiffness map-

ping [60] by including the generalized virtual elements and the transmission efficiency.

Because Jx depends on configuration, so does Kx: the same virtual parameters deliver different

output stiffness at different poses.

Eq. (6) is a first-order expression. Retaining the terms in which the Jacobians vary with

configuration gives:

Kx = ((PJx)
∗)T
[

η JT
dKdJd +

∂(PJx)
T

∂q
fx −

∂(η JT
d )

∂q
τ d

]

(PJx)
∗, (7)
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whose two correction terms are the geometric stiffness contributions. Physically, these terms

represent the change in the manipulator’s effective stiffness due to its kinematic reconfiguration

under applied loads and internal virtual torques, captured by introducing the Hessians of the

output and virtual-element coordinates. This formulation extends the conservative congruence

transformation [61] to include generalized virtual elements and transmission losses. Both Hes-

sians are available analytically, so Eq. (7) could be evaluated at every control cycle to provide a

more complete approximation. However, geometric stiffness is negligible compared to the main

elastic stiffness unless the system is subjected to exceptionally large forces, so our experiments

use the first-order form throughout.

These two expressions connect directly to what is measured in the experiments: F = nT fx is

the component of Eq. (5) along the contact normal, compared against the load cell on the finger

test bed or estimated directly on the hand, and Kn = nTKxn is the corresponding component

of Kx, the stiffness reported at the fingertip.

The model estimate rests on four assumptions: (i) quasi-static equilibrium, so the general-

ized virtual force reduces to its elastic component; (ii) a frictionless point contact, so only the

normal force is transmitted, with the normal n known, assumed, or sensed; (iii) transmission

efficiency η constant over the configuration space; and (iv), on the hand, contact normal to the

phalanx, the most likely outcome during enveloping grasps.

Identification of the tendon transmission efficiency

The efficiency η is the only quantity in Eq. (5) not known a priori, and was identified experi-

mentally on the single-finger test bed. With the arm stationary at the contact pose, the finger

repeatedly lifted clear of the load cell, adopted a new virtual torsional stiffness, lowered onto

the plate, settled for 3 s and was recorded for 5 s. 200 configurations were collected. Three joint

stiffnesses were drawn independently from a uniform distribution over [0.05, 1.0] N · m/rad,
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spanning fingertip forces from 0.4 to 1.5 N. The diagonal entries of η were then fitted by least

squares so that Eq. (5) best reproduced the measured normal force, giving ηMCP = 0.837 and

ηPIP = 0.359. The marked asymmetry reflects the longer and more curved routing of the PIP

tendon. These two values were reused unchanged on the hand, ηMCP being assigned to every

MCP-type axis and ηPIP to every PIP-type axis of all five digits, while unit efficiency was as-

sumed for the thumb CMC1 and CMC2 axes and for the spread actuator. This extrapolation is

the principal approximation in the sensing model, assuming that digits built to the same design

and routed the same way lose the same fraction of torque.

Model-based force and stiffness adaptation

Because Eq. (5) is analytic in the virtual parameters, the contact force can be optimized rather

than merely tuned. We minimize:

L = 1
2
∥fx − fx,ref∥

2 . (8)

Solving Eq. (5) directly for Kd or dref is not viable, and the reason is physical rather than

numerical: the equilibrium d is set by the interaction with the environment, so it moves as the

parameters change and the equation to be inverted changes with its own solution. The problem

is implicit, and we then descend the gradient of Eq. (8) along one of two independent directions,

with step size α > 0:

K
(i+1)
d = K

(i)
d − α∇Kd

L, d
(i+1)
ref = d

(i)
ref − α∇dref

L. (9)

Adapting the stiffness while holding the rest configuration fixed gives the rank-one update:

K
(i+1)
d = K

(i)
d − α

[

Jd η
T (PJx)

∗
]

(fx − fx,ref) (dref − d)T . (10)

The bracketed term is the sensitivity carrying the force error from the output back to the coor-

dinates of Kd. The outer product with the current deflection means the update only acts along
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directions the element is actually deflected in: an element at rest is untouched, however large

the force error. Since dref is unchanged, the pose the hand adopts in the absence of contact is

preserved, and the scheme controls force and position jointly. Adapting instead the rest config-

uration at fixed stiffness gives:

d
(i+1)
ref = d

(i)
ref − αKT

d Jd η
T (PJx)

∗ (fx − fx,ref) , (11)

where the same force error and the same sensitivity now appear weighted by KT
d rather than

by the deflection, so a stiffer element takes a larger step for the same force error, since the

sensitivity of force to changes in rest position is itself larger. This update leaves the stiffness free

and therefore controls force and stiffness independently. The two schemes reach the same force

through different mechanisms: one changes how strongly the finger resists a given deflection,

the other changes where it rests. Together they set the slope and operating point of the force-

displacement relation separately.

The update of Eq. (10) does not in general preserve the symmetry of Kd. Symmetrizing at

each step would be straightforward, at the cost of departing from the gradient direction, but it

turns out not to be strictly necessary: as shown in the Supplementary Material, under sufficient

damping the resulting asymmetric element still dissipates energy.

Each scheme was compared against a model-free baseline that updates the same parameter

proportionally to the force error, without evaluating the local sensitivity of the model, using an

identical step size so that the comparison isolates the contribution of the model rather than of

the gain. Step sizes were α = 10−4 for Eq. (10) and 5 × 10−4 for Eq. (11) on the finger, and

10−5 on the hand. Admissible step sizes, and the conditions preserving positive definiteness of

Kd under Eq. (10), are derived in the Supplementary Material.

When a stiffness profile rather than a force is prescribed, the virtual parameters follow from

inverting Eq. (6). Writing it as Kx = LKdR, with L = ((PJx)
∗)Tη JT

d mapping a virtual
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torque to the output force and R = Jd(PJx)
∗ mapping an output deflection to the virtual

coordinates, Kd is sandwiched between the two maps rather than isolated as a vector multiplied

by a single matrix, so the relation cannot yet be inverted with a pseudoinverse. Denoting by

vec(·) the column-wise stacking of a matrix into a vector and by ⊗ the Kronecker product, the

identity vec(AXB) = (BT ⊗ A) vec(X) rewrites it as an explicit linear system in vec(Kd),

with L and R combined into the single matrix RT ⊗ L:

vec
(

Kff
d

)

=
(

RT⊗ L
)∗

vec(Kx,des) , (12)

returning the minimum-norm virtual stiffness that reproduces the desired output stiffness, ex-

actly when the target is achievable and in the least-squares sense otherwise. It generalizes to

several element groups acting on one fingertip by stacking their maps horizontally before inver-

sion (Supplementary Material).

Kinematic model and tendon transmission

The finger is modeled as a planar chain of three revolute joints rotating about a common axis,

with proximal, middle, and distal phalanx lengths ℓp, ℓm and ℓd. Each actuator drives its joint

through a linear transmission,

θMCP =
rp
rm

qMCP, θPIP =
rm
c

qPIP, θDIP = θPIP, (13)

where rm is the actuator pulley radius, rp the finger MCP pulley radius and c a cable-driven

transmission constant. Their values for the test bed and for every digit of the hand, together

with phalanx lengths, the wrist reductions and the spread coupling ratios, are listed in the Sup-

plementary Material. The Supplementary Material verifies the linearity assumed in Eq. (13)

experimentally, for every joint of both platforms.

Joint origins and axes for the hand were taken from its URDF description, together with

link masses and centers of mass. Forward kinematics, Jacobians and Hessians were derived
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symbolically and compiled to numerical functions, so that every geometric quantity entering the

controller and the stiffness model, including the second-order terms, is available analytically at

each control cycle rather than estimated by finite differences.

Compensation of gravity, friction, and joint limits

Three torque contributions are computed alongside the virtual model and added to it before the

command reaches the actuators. Gravity is compensated link by link as τ g =
∑

ℓ J
T
cog,ℓFg,ℓ,

using the robot masses and centers of mass. On the hand, the wrist orientation is read from

the UR5 so that compensation remains valid as the arm reorients the palm. Assuming this

compensation exact, the gravitational potential cancels from the closed loop, which is why it

does not appear in E in Eq. (3). Joint limits are enforced by deadzone springs producing no

torque inside the admissible range and a linear restoring torque outside it.

Actuator stiction is compensated by a Stribeck term,

τ f = Fmax exp
(

− (q̇/vlim)
2)⊙ sign(τ cmd) , (14)

with vlim = 0.03 rad/s on both platforms and Fmax between 0.01 and 0.20 N · m, tuned per

experiment (Supplementary Table 2), and ⊙ denoting the element-wise product. The envelope

is largest at low velocity, so the compensation pushes the actuator into motion and switches

itself off, producing a continuous low-amplitude oscillation. This addition keeps the actuators

in a kinetic rather than a static friction regime [41] and thereby removes the dead band that

otherwise masks small virtual forces, a mechanism also proposed as a function of physiological

tremor [42]. Its cost is a persistent ripple in the measured force, which is why force tracking

signals are reported both raw and smoothed.
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Experimental protocols

Single-finger experiments followed a common sequence. The arm was brought to the contact

pose with the finger lifted clear of the plate; after 3 s the experimental condition was applied

and the joint references set to 30◦. After a further 3 s the arm descended 20 mm (or 10 when

comparing initial poses) at 2 mm/s and returned at the same speed, with force and actuator state

recorded throughout. Passive characterization swept the virtual stiffness in the finger-space

and then in the cart-constrained task-space configuration; pose dependence was assessed by

displacing the initial arm height, and directional dependence by rotating the cart axis ϕ. Online

modulation used the stiffness laws of the Supplementary Material and a Gaussian repulsive

fingertip spring active over the middle half of the stroke. Force tracking followed a square

reference over three cycles; an open-loop variant tracked a rising staircase driven by the force

predicted from Eq. (5), with the load cell logged but excluded from the loop.

On the hand, the guitar task held index, middle, and ring closed at fixed flexion while the arm

performed a single upward strum, one per stiffness condition so that each yields an independent

audio recording. The weight bearing task held the index in a hook posture while an operator

added three 100 g loads in succession. In-hand manipulation closed the hand onto a printed

TPU cylinder and redistributed fingertip stiffness towards the radial and then the ulnar digits,

the thumb being softened throughout. Dynamic grasping triggered closure during a constant-

speed arm translation, under a soft, a stiff, and an adaptive schedule. Compliance sensing

probed each object at low thumb stiffness and then swept the thumb stiffness upwards while

the opposing digits were held fixed. The apple task closed the hand at fixed stiffness, adapted

it by Eq. (10) towards three force targets, and then descended 0.15 m against an elastic band.

Stiffnesses, sweep ranges, step sizes, ramp durations, and repetition counts are given per figure

panel in the Supplementary Material.
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Data analysis and statistics

Unless stated otherwise, each finger experiment was repeated N = 5 times and results are

reported as the mean with shaded bands spanning ± 1 standard deviation. On the hand, only

compliance sensing was repeated five times; the remaining tasks are reported from a single

trial per condition, as they demonstrate a qualitative behavior rather than estimate a quantity.

Measured forces retain the ripple introduced by friction compensation, and are therefore shown

raw and, where a trend is compared against a reference, also smoothed with a Savitzky-Golay

filter of window 21 samples and polynomial order 3, denoted F̃ . Tracking accuracy is the

RMSE between F̃ and the reference over the tracking window; responsiveness is the transition

time, the interval taken by F̃ to move between 10% and 90% of a step amplitude, averaged over

rising and falling transitions. Effective stiffness is obtained by linear regression of force against

imposed displacement d over the descent window, reported as ∆F/∆d. Audio was extracted

from the video recordings to 16-bit PCM and normalized to a single global peak across the three

strumming conditions, so that the reported RMS intensities are comparable.
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Data availability

The data generated in this study are available at

https://github.com/CREATE-Lab-EPFL/HumanManipulationVMC.

Code availability

The code supporting the findings of this study is available at

https://github.com/CREATE-Lab-EPFL/HumanManipulationVMC.
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Supplementary Material

We provide additional data and specifications that we use to support the statements in the main

text. The Supplementary Material is organized as follows:

• A: System characterization

• B: VMC control, theoretical formulation for the apparatus

• C: Full force and stiffness theorem, CCT correction, and optimization for online

tuning

• D: Description of additional experiments

• E: Description of videos

• F: Description of further results
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A: System characterization

This section reports the experimental characterization of the two platforms:

1. Finger kinematics

2. Hand kinematics

3. Friction compensation validation

4. Identified parameters

A.1: Finger kinematics

The virtual model controller maps forces onto the actuators through the transmission Jacobian

Jθ = ∂θ/∂q, where q collects the actuator angles and θ the joint angles. This mapping pre-

supposes that the actuator-to-joint relation is linear, that is:

θMCP =
rp
rm

qMCP, θPIP =
rm
c

qPIP, θDIP = θPIP, (S1)

with rm the actuator pulley radius, rp the finger MCP pulley radius, and c a cable-driven trans-

mission constant. We verified this assumption directly on every joint of both platforms.

Joint angles were measured with a goniometer while each actuator was driven through its

admissible range, and a linear model was fitted to the resulting pairs. Fig. S1 reports the single-

finger test bed in terms of both actuation routing and joint calibration. The DIP joint is not

calibrated independently, being mechanically constrained to follow the PIP.

A.2: Hand kinematics

The same procedure was applied to every digit of the ADAPT Hand. Fig. S2 reports the thumb,

whose four joints (CMC1, CMC2, MCP, IP) are driven by a dedicated actuator, and Fig. S3 the

MCP and PIP joints of the index, middle, ring, and pinky. As on the test bed, the DIP follows

2



DIP = PIP

b

Joint 

angles q

Motors

a

Transmission

MCP θ

PIP θ

Figure S1: Kinematic transmission calibration of the finger test bed. a Schematic of the

motor-to-joint transmission, relating motor rotation to the MCP and PIP joint angles. b Cali-

bration of the MCP (left) and PIP (right) joint angles against motor angles, with linear fits to

the measured points; the DIP joint is mechanically coupled to PIP.

b

Joint 

angles q

Motors

a

Transmission

CMC1

CMC1

MCP

IP

Figure S2: Kinematic transmission calibration of the thumb. a Thumb kinematic diagram,

with the CMC1, CMC2, MCP, and IP joints and their motor transmission. b Calibration of the

CMC1, CMC2, MCP, and IP joint angles against motor angle, with linear fits to the measured

points.
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a b

c d

Figure S3: Kinematic transmission calibration of the index, middle, ring, and pinky fin-

gers. a Index MCP and PIP calibration. b Middle MCP and PIP calibration. c Ring MCP and

PIP calibration. d Pinky MCP and PIP calibration.

the PIP through a mimic coupling and is not calibrated separately. The fitted slopes give the

transmission constants of Table S3. Differences between the constants of the hand and of the

finger reflect their different transmission designs.

A.3: Finger friction compensation validation

Actuator stiction is compensated by a Stribeck term whose envelope is largest at low velocity:

τ f = Fmax exp
(

− (q̇/vlim)
2)⊙ sign(τ cmd) , (S2)

with ⊙ the element-wise product. Since the envelope decays with velocity, the compensation

pushes the actuator into motion and switches itself off, producing a continuous low-amplitude

oscillation. To validate it (Fig. S4a), the finger was controlled in free space with torsional virtual

springs, tracking a step and a ramp reference with and without the Stribeck term. Without

compensation both joints exhibit a dead band: small commanded torques produce no motion

until the stiction is exceeded, leaving a steady-state offset between the commanded and the
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Table S1: Notation: kinematics and virtual elements. Bold lowercase denotes vectors, bold

uppercase matrices.

Symbol Meaning Unit

Coordinates and kinematics

q Actuator (motor) angles rad

θ Joint angles (MCP, PIP, DIP) rad

x Position of the output point, typically the fingertip m

d Generalized coordinate hosting a virtual element varies

Jθ Transmission Jacobian, ∂θ/∂q —

Jx Output Jacobian, ∂x/∂q m/rad

Jd Virtual-element Jacobian, ∂d/∂q varies

ℓp, ℓm, ℓd Proximal, middle, distal phalanx lengths m

rm, rp Actuator and finger MCP pulley radii m

c Cable-driven transmission constant m

Virtual elements

Kd, Dd Virtual stiffness and damping on d varies

dref , e Virtual rest configuration; deflection dref − d varies

τ d Generalized virtual force, Kde varies

U Storage function (potential) of an element J

Kθ Shared scalar torsional stiffness, finger-space configuration N·m/rad

Kc Cart-constrained fingertip stiffness, test bed N/m

Kt Fingertip cartesian stiffness, hand N/m

Ksensing Thumb stiffness during compliance probing N/m

A, σ, ∆z Gaussian strength, width, offset from the repulsion center N/m, m, m

α Rate of a stiffness law; also the gradient-descent step size varies

p Order of the polynomial stiffness law —

ϕ Cart direction angle in the sagittal plane deg
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Table S2: Notation: contact, adaptation, and analysis. Bold lowercase denotes vectors, bold

uppercase matrices.

Symbol Meaning Unit

Contact, force, and stiffness

n Contact normal (unit); distinct from the sample count N —

P = nnT Contact projection, acting on the output —

Pc = ncn
T
c Cart projection, acting on the virtual element —

η Diagonal transmission efficiency, ηi ∈ (0, 1] —

fx, F = nT fx Contact force at the output; its normal component N

Kx, Kn =
nTKxn

Output stiffness; its normal component N/m

(·)∗ Moore–Penrose pseudoinverse —

Adaptation, stability, and analysis

L Force-tracking loss, 1

2
∥fx − fx,ref∥

2 N2

L, R Congruence maps in Kx = LKdR varies

S Sensitivity of the force to the rest configuration varies

ei, ei Scalar and vector force error at iteration i N

γi, λi, βi Step-size bounds in Lemma 1 and Proposition 3 varies

ς ∥Kskew∥2, asymmetry of Kd varies

d Imposed arm displacement; distinct from the vector d m

∆F/∆d Effective stiffness, by regression over the descent window N/m

F̃ Smoothed normal force (Savitzky–Golay, window 21, order 3) N

N Number of independent repetitions per condition —
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Table S3: Identified and measured parameters. Values used by the controller and by the

stiffness model on both platforms.

Parameter Value Unit

Link geometry (both platforms)

Phalanx lengths ℓp, ℓm, ℓd 40.0, 30.0, 17.5 mm

Fingertip offset along the distal axis 17.5 mm

Transmission, single-finger test bed

Actuator pulley rm 5.00 mm

Finger MCP pulley rp 2.23 mm

PIP transmission constant c 8.13 mm

Transmission, ADAPT Hand

Actuator pulley rm, all digits 5.00 mm

Finger MCP pulley rp, four fingers 3.04 mm

c: index / middle / ring / pinky 10.90 / 11.27 / 10.90 / 9.67 mm

Thumb CMC1 / CMC2 pulley radii 13.46 / 8.83 mm

Thumb MCP / IP transmission constants 6.05 / 5.77 mm

Wrist spur / bevel reduction 0.800 / 0.857 —

Spread ratios: index / middle / ring / pinky 1.0 / 0 / −1.0 / −1.5 —

Transmission efficiency (identified)

ηMCP, all MCP-type axes 0.837 —

ηPIP, all PIP-type axes 0.359 —

η, thumb CMC1, CMC2, and spread 1.0 (assumed) —

Friction compensation

Stribeck velocity vlim, both platforms 0.03 rad/s

Fmax, single-finger test bed 0.20 N·m

Fmax, hand: guitar / weight bearing 0.02 / 0.01 N·m

Fmax, hand: in-hand and dynamic grasp 0.06 N·m

Fmax, hand: compliance sensing / apple 0.04 / 0.05 N·m

Limits and control

Deadzone limit stiffness, finger / hand 1.0 / 0.6 N·m/rad

Commanded torque saturation 0.8 N·m

Joint range, MCP [0, π/2] rad

Joint range, PIP and DIP [0, 1.22] rad

Control rate, finger / hand 900 / 330 Hz

Torque-controlled actuators, finger / hand 2 / 13 —
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c

ba

Motor wobbling 

(friction comp.)

Motors

MCP

PIP

a. Step ref.

b. Ramp ref.

Figure S4: Validation of friction compensation via continuous motor wobbling. a Friction-

compensation scheme: continuous motor wobbling superimposed on the reference command,

tested against a step and a ramp reference. b Step response of the MCP and PIP joints, with and

without friction compensation. c Ramp response of the MCP and PIP joints, with and without

friction compensation.

reached joint angle (Fig. S4b), and under a ramp reference the same effect appears as stick–slip

(Fig. S4c). With compensation the dead band is removed and tracking becomes continuous

at both joints, the MCP benefiting more, at the cost of a persistent ripple at the joint and,

consequently, in the measured contact force. The trade is favorable here because the forces of

interest are small: a dead band of the order of the stiction torque would suppress precisely the

low-force regime in which the compliance modulation operates. The ripple can be removed at

analysis time by the smoothing described in the Methods.

A.4: Identified parameters

Table S1 and Table S2 list the notation used throughout the main text and this document. Ta-

ble S3 collects every identified and measured parameter. All values are those used by the con-

troller and by the stiffness model, and corresponds to the constants defined in the code reposi-

tory.
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B: VMC control, theoretical formulation for the apparatus

This section gives the complete element library, with the force and the stored energy of each

element, and then the concrete virtual-element configurations used on the two platforms.

B.1: Element library and storage functions

Let e = dref − d denote the deflection of an element and ḋ its rate. Each spring is specified by

the force it returns: the actuator torque follows by mapping that force through JT
d and summing

over elements. Every spring below is conservative, and we give its storage function U explicitly,

since F = −∂U/∂d with U ≥ 0 and U(0) = 0 is what makes the element passive. Dampers

store nothing and are characterized instead by the power they dissipate.

Linear spring and damper. The baseline elements, used wherever no other law is stated:

F = Kd e, U = 1
2
eTKd e, F = −Dd ḋ, P = ḋTDd ḋ ≥ 0. (S3)

U ≥ 0 for Kd ⪰ 0 and P ≥ 0 for Dd ⪰ 0, so the pair is passive for any admissible gains.

Cart-constrained elements. A cart admits motion along a single direction nc and resists

nothing in the orthogonal complement. With Pc = ncn
T
c the gain is projected on both sides,

which keeps the element symmetric and stores no energy in the constrained directions:

F = Pc Kd Pc e, U = 1
2
eTPc Kd Pc e, F = −Pc Dd Pc ḋ. (S4)

Since PcKdPc ⪰ 0 whenever Kd ⪰ 0, the cart element is passive. Rotating nc in the sagittal

plane by an angle ϕ produces the directional responses reported in the main text.

Gaussian repulsive spring. A bounded repulsive field that decays with distance, used to re-

shape the force response over part of the stroke while leaving it unchanged elsewhere. With ∆z
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the offset from the repulsion center,

Fg = A exp

(

−
∥∆z∥2

2σ2

)

∆z, Ug = Aσ2 exp

(

−
∥∆z∥2

2σ2

)

. (S5)

Direct differentiation confirms Fg = −∂Ug/∂∆z. The potential is a bounded barrier of height

Aσ2 at the center, decaying to zero far from it, so the element can store only a finite amount of

energy. The force magnitude vanishes both at the center and at infinity and peaks at ∥∆z∥ = σ.

A cart-constrained variant replaces ∆z by Pc∆z and projects the result.

Deadzone limit spring. Joint limits are enforced by an element inactive inside [θ−, θ+] and

linear outside it:

τlim = Klim [max(θ− − θ, 0)−max(θ − θ+, 0)] ,

Ulim = 1
2
Klim

[

max(θ− − θ, 0)2 +max(θ − θ+, 0)
2
]

.
(S6)

Ulim is continuous and continuously differentiable at both breakpoints, so the element is conser-

vative and does not compromise passivity.

B.2: Stiffness laws and the limits of the potential argument

Two families of element schedule their stiffness during the interaction rather than holding it

fixed. Whether a potential still exists depends on what the stiffness is scheduled on, and the

distinction separates the experiments that remain passive from those that do not.

Scheduled on the element’s own deflection. If the stiffness depends only on the deflection

of the element itself, the force F (e) = K(e) e is a memoryless function of e and a potential

always exists:

U(e) =

∫ e

0

K(ξ) ξ dξ ≥ 0 for K(·) ≥ 0, (S7)
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so the element is passive however sharply the stiffness varies. For the polynomial law the

integral is elementary,

K(d) = K0

(

d

dnorm

)p

, U(d) =
K0 d

p+2

(p+ 2) d p
norm

, (S8)

recovering the linear spring at p = 0. For the sigmoidal law,

K(d) = Kmax −
Kmax −Kmin

1 + e−α(d−dth)
, (S9)

which switches between two regimes about a threshold dth at a rate set by α, the integral of

Eq. (S7) has no elementary closed form but is bounded between the potentials of the two linear

springs Kmin and Kmax, and is evaluated numerically. The polynomial stiffness is also clamped

below at Kmin near d = 0 for numerical stability.

Scheduled on an exogenous signal. The contact-dependent laws are different. Here the stiff-

ness is a function of the measured contact force F :

K↑

θ (F ) = Kmin + (Kmax −Kmin)
(

1− e−αF
)

(S10)

K↓

θ (F ) = Kmin + (Kmax −Kmin) e
−αF (S11)

for stiffening and softening respectively. Both reach the midpoint of [Kmin, Kmax] at the half-

transition force F1/2 = ln 2/α, which is how the swept values of α were chosen to span the

accessible force range logarithmically; α = 0 recovers a constant stiffness, Kmin for stiffening

and Kmax for softening, giving the baseline against which each is compared.

Because F is an external measurement rather than a function of the element’s own state,

the torque is no longer a memoryless function of the deflection and no potential exists: these

elements are not passive by construction, and the same holds for any law scheduled on the arm

displacement rather than on the element’s deflection. The energy they can inject is nonetheless

bounded, since the stiffness is confined to [Kmin, Kmax] and the stored energy at any deflection

therefore lies between the potentials of the two extreme linear springs.
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B.3: Configurations on the single-finger test bed

The actuator vector is q = [qMCP, qPIP]
T and the joint vector θ = [θMCP, θPIP, θDIP]

T , related

by Eq. (S1). Three main configurations are defined and used.

In the finger-space configuration the virtual coordinate is the joint vector itself, d = θ,

so Jd = Jθ ∈ R
3×2, constant and given by the transmission ratios. With a shared stiffness,

Kd = KθI3. Note that Jd has more rows than columns: three virtual coordinates are driven by

two actuators, so the elements are not independently realizable and only their projection onto

the actuator space is transmitted. In the task-space configuration the virtual coordinate is the

position of a point on the distal phalanx, d = xtip ∈ R
3, and Jd = Jx ∈ R

3×2 is configuration-

dependent. A cart constraint is imposed as in Eq. (S4). The cart projection Pc acts on the

virtual element and must not be confused with the contact projection P = nnT , which acts on

the output. The mixed-space configuration concatenates the two, d = [θT ,xT
tip]

T ∈ R
6, with Jd

the vertical stacking of Jθ and Jx, and Kd block-diagonal.

B.4: Configurations on the ADAPT Hand

The thirteen torque-controlled actuators are ordered as thumb CMC1, CMC2, MCP, and IP; the

spread actuator; and then MCP and PIP for index, middle, ring, and pinky. The wrist actuators

are held in position mode and do not appear in q. Each digit contributes an independent block.

Joint-space elements act on the flexion chain of each digit, giving a block-diagonal Kd with

one block per digit; the spread joints of all four fingers are driven by a single actuator through

fixed motion ratios, so their four virtual elements share one column of Jd and cannot be set

independently. Task-space elements are attached to the five fingertips. Since the digits are kine-

matically independent, Jd is block-diagonal for these elements too. Task-space rest position are

often placed by evaluating the forward kinematics at joint targets taken along the first principal

component of human grasp postures. The specific joint targets differ between tasks.
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C: Full force and stiffness theorem, CCT correction, and optimization for

online tuning

C.1: General derivation

Let q be the actuator vector, x the output point, and d a vector of generalized coordinates

hosting the virtual elements, with Jacobians Jx = ∂x/∂q and Jd = ∂d/∂q. Let P project onto

the directions along which the output performs virtual work (i.e., a force fx is applied), and let η

be the diagonal transmission efficiency in actuator space. The generalized virtual force in static

conditions, without damping contributions, is τ d = Kd(dref − d).

Equating the virtual work performed by the elements to that performed at the output, and

substituting ḋ = Jdq̇ and ẋ = Jxq̇, gives for arbitrary q̇ the balance:

η JT
d τ d = (PJx)

T
fx, (S12)

whose least-squares solution is the contact force:

fx = ((PJx)
∗)T η JT

d Kd (dref − d) . (S13)

Theorem 1 (VMC stiffness composition). Consider a tendon-driven system with actuator vec-

tor q ∈ R
nq , output Jacobian Jx, output projection P, and diagonal transmission efficiency

η with entries in (0, 1], constant with respect to q. Let a set of virtual elements be defined on

generalized coordinates d with Jacobian Jd and positive semi-definite stiffness Kd. Then the

output-space stiffness is, to first order,

Kx = ((PJx)
∗)T η JT

dKdJd (PJx)
∗,

and, if the elements are decoupled so that Kd is block-diagonal with blocks ki,

Kx = ((PJx)
∗)T η

(

∑

i

JT
di
ki Jdi

)

(PJx)
∗.
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Figure S5: Numerical validation of the VMC stiffness model and of the force-tracking gra-

dient descent on the single-finger platform. a Finger-space, task-space, and mixed-space vir-

tual element configuration used for validation. b Relative residual between the analytically pre-

dicted stiffness and a local, finite-difference estimated obtained by perturbing the configuration,

as a function of perturbation size, compared to first-order and second-order (CCT-corrected)

predictions. c Fröbenius-norm error of the feed-forward stiffness inversion: the task-space stiff-

ness achieved by inverting a desired stiffness into virtual-element parameters, compared to that

desired stiffness, fo reach configuration. d Convergence of the force error during gradient-

descent adaptation of the virtual stiffness (left) and the virtual reference (right), across the three

control configurations.
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Figure S6: Convergence of force-tracking gradient descent on the hand platform. a Con-

vergence of the force error during reference-descent adaptation for the index and thumb fingers,

across joint-space, task-space, and mixed-space virtual elements. b Convergence of the force

error during stiffness-descent adaptation for the index and thumb fingers, across the same three

configurations.
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The force and stiffness at the output are therefore fully determined by the virtual parameters,

the kinematic structure, the transmission efficiency, and the output projection, and contributions

from elements defined in different coordinate spaces compose additively.

Proof. Differentiate Eq. (S12) with respect to q. Writing dτ d = −Kd dd = −KdJd dq and

dfx = −Kx d(Px) = −KxPJx dq, and retaining only the terms in which the Jacobians are

held constant, gives

−η JT
dKdJd = − (PJx)

T
Kx (PJx) .

Solving in the least-squares sense yields the stated expression. The decoupled form follows

by partitioning Jd row-wise into the blocks associated with each element and expanding the

block-diagonal Kd, the cross terms vanishing. Since the derivation nowhere inverts Jd, no rank

condition on Jd is needed.

Corollary 2 (Exact second-order stiffness). Retaining the terms in which the Jacobians vary

with configuration,

Kx = ((PJx)
∗)T
[

η JT
dKdJd +

∂(PJx)
T

∂q
fx −

∂(η JT
d )

∂q
τ d

]

(PJx)
∗. (S14)

The two correction terms are the geometric stiffness contributions, involving the Hessians of

the output and virtual-element Jacobians weighted respectively by the external force and by the

virtual torque.

Proof. Immediate from the same differentiation, retaining the Jacobian derivatives. Both Hes-

sians are available analytically from the symbolic kinematic model, so Eq. (S14) is evaluable at

every control cycle.

C.2: Feed-forward inversion with several element groups

Consider first a single group of virtual elements. Theorem 1 gives Kx = LKdR with L =

((PJx)
∗)Tη JT

d and R = Jd(PJx)
∗, both fixed at the current configuration. The unknown Kd
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appears between the two maps, so the relation is not in the form of a single matrix acting on

a vector of unknowns and cannot be inverted directly. Applying the identity vec(AXB) =

(BT ⊗A) vec(X) with A = L, X = Kd and B = R:

vec(Kx) =
(

RT ⊗ L
)

vec(Kd) =: M vec(Kd), (S15)

a linear system in the stacked unknowns. Inverting it in the least-squares sense:

vec
(

Kff
d

)

= M∗ vec(Kx,des) . (S16)

Because ∥ vec(X)∥2 = ∥X∥F , the residual minimized by the pseudoinverse is the Frobenius

distance ∥LKdR − Kx,des∥F , and among all minimizers the solution returned is the one of

smallest ∥Kd∥F . The requested stiffness is reproduced exactly when vec(Kx,des) lies in the

range of M, that is when MM∗ vec(Kx,des) = vec(Kx,des), and approximated in the above

sense otherwise. When several groups of virtual elements act on a single output point, the

stiffness is Kx =
∑

g LgKdgRg, with Lg = ((PJx)
∗)Tη JT

dg
and Rg = Jdg(PJx)

∗. Because

each unknown is bounded by a different kinematic map, the groups must be inverted jointly

rather than separately. Defining Mg = RT
g ⊗ Lg, with ⊗ the Kronecker product, and stacking

horizontally,
⎡

⎢

⎣

vec(Kd1)
...

vec(KdG)

⎤

⎥

⎦
=
[

M1 · · · MG

]∗
vec(Kx,des) , (S17)

which distributes the requested stiffness optimally across the available groups and can be re-

evaluated at each time step to track a time-varying profile.

C.3: Numerical validation

Figure S5 validates the model and the gradient-descent schemes on the three single-finger con-

figurations. Fig. S5a shows the element layouts. Fig. S5b compares the analytically predicted
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stiffness against a finite-difference estimate obtained by perturbing the configuration, as a func-

tion of the perturbation magnitude: the second-order expression is the more accurate of the two,

and the error of both decreases as the perturbation is refined. Fig. S5c reports the Frobenius-

norm error of the feed-forward inversion, which remains of the order of 10−11. Fig. S5d shows

the convergence of the force error under both adaptation schemes, on the stiffness and on the

rest configuration, across the three configurations. The same force adaptation schemes on the

hand index and thumb are shown in Fig. S6.

C.4: Convergence and admissible step sizes

The adaptation schemes are gradient steps on a loss whose model is exact only instantaneously,

since the configuration moves as the parameters change. This section establishes the step sizes

for which each scheme is well posed. Throughout, Ai = ((PJx)
∗)Tη JT

d evaluated at iteration

i, ui = dref−di, vi = AT
i n, and ei = Fi−Fref is the scalar force error along the contact normal.

With this notation the contact force of Eq. (S13) reads fx,i = AiK
(i)
d ui, and the corresponding

loss becomes:

L = 1
2

⃦

⃦

⃦
AiK

(i)
d ui − fx,ref

⃦

⃦

⃦

2

= 1
2
eTi ei, ei = fx,i − fx,ref . (S18)

Both gradients are obtained by perturbing one parameter at frozen configuration: di, and with

it Ai, are treated as independent of the parameters, so the terms ∂d/∂Kd and ∂d/∂dref are

neglected. This instantaneous approximation is the reason the admissible step sizes derived

below are necessary conditions on the frozen problem. In both cases the first variation of the

loss is δL = eTi δei, so only δei has to be computed.

Stiffness. Perturbing K
(i)
d by δK, at fixed ui, gives δei = Ai δKui and therefore

δL = eTi Ai δKui =
(

AT
i ei
)T

δKui. (S19)
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This is a scalar of the form aT δXb, whose gradient with respect to X is abT , so

∇Kd
L = AT

i ei u
T
i , AT

i = Jd η
T (PJx)

∗. (S20)

For a frictionless point contact, P = nnT and the force is directed along the normal, so ei = ein

and AT
i ei = eiA

T
i n = eivi, giving the rank-one form used below. This is an outer product of

the sensitivity vi and the deflection ui; since the two need not be aligned, this may leave Kd

asymmetric, addressed in Proposition 5.

Rest configuration. Perturbing dref by δdref , at fixed K
(i)
d , gives δui = δdref and hence

δei = AiK
(i)
d δdref = Si δdref , where Si := AiK

(i)
d is the sensitivity of the force to the rest

configuration. Therefore:

δL = eTi Si δdref =
(

ST
i ei
)T

δdref . (S21)

This is a scalar of the form cT δy, whose gradient with respect to y is c, so

∇dref
L = ST

i ei = K
(i)T
d AT

i ei. (S22)

The two updates therefore read:

K
(i+1)
d = K

(i)
d − α ei viu

T
i , d

(i+1)
ref = d

(i)
ref − αST

i (fx,i − fx,ref) , (S23)

with Si = ((PJx)
∗)Tη JT

dK
(i)
d and α > 0 the step size.

Lemma 1 (Preservation of positive definiteness). Let K
(i)
d be positive definite and set λi =

λmin

(

1
2
(K

(i)
d +K

(i)T
d )

)

> 0 and βi = |ei| ∥ui∥ ∥vi∥. (a) If 0 < α < λi/βi, then K
(i+1)
d from

Eq. (S23) is positive definite. (b) If in addition λi ≥ λ > 0 and βi ≤ β for i = 0, . . . , N − 1,

then any constant 0 < α < λ/β keeps K
(i)
d positive definite for all i = 0, . . . , N .
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Proof. For any unit vector x, xTK
(i+1)
d x = xTK

(i)
d x − αei(x

Tvi)(u
T
i x). The first term is at

least λi, and by Cauchy–Schwarz the second is bounded in magnitude by αβi, so xTK
(i+1)
d x ≥

λi − αβi > 0 under the stated condition, proving (a). Under the uniform bounds, λi/βi ≥ λ/β

for every i, so the condition of (a) holds at each step and (b) follows by induction.

Proposition 3 (Convergence of stiffness adaptation). For a frictionless point contact with P =

nnT , the stiffness update of Eq. (S23) produces the error recursion ei+1 = (1 − αγi)ei with

γi = ∥vi∥
2∥ui∥

2. The error is therefore convergent if and only if 0 < α < 2/γi, and monotone

if 0 < α < 1/γi. If γi = 0 the error is unchanged.

Proof. The scalar force along the contact normal follows from Eq. (S13): Fi = nT fx,i =

nTAiK
(i)
d ui = vT

i K
(i)
d ui so the force is a bilinear form in the stiffness, with vi and ui fixed

by the configuration. Holding the configuration frozen, so that vi and ui are unchanged by the

update, and substituting the stiffness update of Eq. (S23),

Fi+1 = vT
i K

(i+1)
d ui = vT

i K
(i)
d ui − αei v

T
i

(

viu
T
i

)

ui = Fi − αei∥vi∥
2∥ui∥

2,

where the rank-one term collapses because vT
i viu

T
i ui = ∥vi∥

2∥ui∥
2. Subtracting the constant

reference Fref from both sides gives ei+1 = ei − αγiei = (1− αγi)ei. The recursion is a scalar

contraction, so ei → 0 if and only if |1 − αγi| < 1, that is 0 < αγi < 2; the error additionally

keeps its sign at every step when 1 − αγi > 0, that is αγi < 1. If γi = 0, either ui = 0, the

element is undeflected, or vi = 0, the contact normal lies in the null space of AT
i : in both cases

the update produces no force change.

Proposition 4 (Convergence of reference adaptation). For a frictionless point contact with P =

nnT , the reference update of Eq. (S23) produces the error recursion ei+1 = (1 − ανi)ei with

νi = ∥si∥
2 and si = ST

i n. The error is therefore convergent if and only if 0 < α < 2/νi, and

monotone if 0 < α < 1/νi. If νi = 0 the error is unchanged.
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Proof. Eq. (S13) is linear in the rest configuration, fx,i = Si(d
(i)
ref−di), so the scalar force along

the contact normal is

Fi = nT fx,i = nTSi

(

d
(i)
ref − di

)

= sTi

(

d
(i)
ref − di

)

,

linear in the rest configuration with si fixed by the configuration and the current stiffness. Hold-

ing di and si frozen and substituting the update d
(i+1)
ref = d

(i)
ref − αeisi,

Fi+1 = sTi

(

d
(i)
ref − αeisi − di

)

= Fi − αei∥si∥
2.

Subtracting the constant reference Fref from both sides gives ei+1 = (1− ανi)ei. As in Propo-

sition 3 the recursion is a scalar contraction, so ei → 0 if and only if |1 − ανi| < 1, that is

0 < ανi < 2, and the error keeps its sign at every step when ανi < 1. If νi = 0 the contact

normal lies in the null space of ST
i and the update produces no force change.

Both propositions describe the instantaneous behavior at frozen configuration. In practice

d moves as the parameters change, which is why the step sizes used experimentally are well

below the bounds and why several iterations are required.

C.5: Dissipativity under an asymmetric stiffness

A virtual element with symmetric Kd is passive by construction, since Kd is then the Hessian of

a quadratic potential. The update of Eq. (S23) does not enforce this symmetry, and when Kd is

not symmetric it no longer derives from a potential. The following proposition covers this case

directly, showing that the closed loop remains dissipative under sufficient damping regardless.

Proposition 5 (Dissipativity under sufficient damping). Consider the linearized response about

equilibrium, ξ := dref − d, under the total damping B ≻ 0 collecting the physical and the

virtual contributions, and reflected inertia M ≻ 0,

Mξ̈ +Bξ̇ +Kdξ = 0, Kd = Ksym +Kskew,

21



with Ksym ≻ 0. Let µ = λmax(M), β = λmin(B), β = λmax(B), κ = λmin(Ksym), and let

ς = ∥Kskew∥2 be the induced 2-norm of the skew part, that is its largest singular value. If

ς < β
(

√

κ/µ− β/(2µ)
)

,

then the origin is exponentially stable and the element dissipates net energy along every trajec-

tory.

Proof. Let ε = β/(2µ) and take

E = 1
2
ξ̇
T
Mξ̇ + 1

2
ξTKsymξ + ε ξTMξ̇,

the mechanical energy of the symmetric part plus a cross term. Differentiating and substituting

Mξ̈ = −Bξ̇ −Kdξ in the two terms that carry ξ̈,

Ė = ξ̇
T
Mξ̈ + ξTKsymξ̇ + εξ̇

T
Mξ̇ + ε ξTMξ̈,

Ė = −ξ̇
T
Bξ̇ − ξ̇

T
Kdξ + ξTKsymξ̇ + εξ̇

T
Mξ̇ − ε ξTBξ̇ − ε ξTKdξ.

Two simplifications follow from the splitting of Kd. In the last term ξTKskewξ = 0, because

a skew-symmetric form vanishes on its own argument, so it reduces to −ε ξTKsymξ. In the

second and third terms the symmetric parts cancel, since ξ̇
T
Ksymξ = ξTKsymξ̇, leaving only

the skew contribution. Hence

Ė = −ξ̇
T
(B− εM)ξ̇ − ε ξTKsymξ − ξ̇

T
Kskewξ − ε ξTBξ̇.

Bound the four terms. Since εM ⪯ εµI = (β/2)I and B ⪰ βI, the first gives B − εM ⪰

(β/2)I. The second is at least εκ∥ξ∥2. The two cross terms are bounded by Cauchy–Schwarz

by ς∥ξ∥∥ξ̇∥, since ∥Kskewξ∥ ≤ ς∥ξ∥, and by εβ∥ξ∥∥ξ̇∥. Therefore

Ė ≤ −
β

2
∥ξ̇∥2 − εκ∥ξ∥2 + (ς + εβ)∥ξ∥∥ξ̇∥,
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a quadratic form in (∥ξ∥, ∥ξ̇∥). It is negative definite exactly when its discriminant is negative,

that is when (ς + εβ)2 < 4 ·
β

2
· εκ = 2βεκ. Substituting ε = β/(2µ) turns the right-hand

side into β2κ/µ, and taking square roots gives ς + β β/(2µ) < β
√

κ/µ, which is the stated

condition.

The condition also makes E a valid storage function. Writing z = [ξT , ξ̇
T
]T gives E =

1
2
zTPz with P =

[

Ksym εM
εM M

]

, and by the Schur complement P ≻ 0 if and only if Ksym ≻ ε2M,

for which ε <
√

κ/µ suffices. Since ς ≥ 0 the stated condition forces
√

κ/µ > β/(2µ) ≥

β/(2µ) = ε, so P ≻ 0. With E positive definite and Ė ≤ −c(∥ξ∥2 + ∥ξ̇∥2) for some c > 0,

exponential stability and the dissipation inequality follow.
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D: Description of additional experiments

This section contains the description of additional experiments and characterizations supporting

the results in the main text, and is divided as follows:

1. Stiffness sweep with torsional and linear springs

2. Softening on contact

3. Sigmoidal and polynomial stiffness sweep

4. Force prediction for various VMC configurations

Table S4 and Table S5 collect the element configuration and parameters of every experiment

reported in the main text and here.

D.1: Stiffness sweep with torsional and linear springs

Fig. S7 shows the sweeps of the main text on three representative springs values, with loading

and unloading shown separately. Fig. S7a reports the torsional configuration and Fig. S7b the

cart-constrained fingertip spring. Both exhibit hysteresis, the unloading branch lying below the

loading branch because of static friction between the silicone skin and the load-cell plate.

D.2: Softening on contact

Fig. S8 reports the inverse of the stiffening law of the main text. The finger begins stiff and

softens with contact force according to the expression in Eq. (S11). Softening flattens the force-

displacement curve as contact develops, the opposite of the stiffening behavior and the regime

appropriate to fragile objects.
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Table S4: Virtual element configuration per experiment, single-finger test bed. One row per

figure panel, giving the element configuration, its parameters, and the number of independent

repetitions N . Shared protocol: 20 mm descent at 2 mm/s, references at 30◦, and virtual

damping 0.003 N · m · s/rad.

Panel Configuration Parameters N

Passive compliance

Fig. 3a finger-space Kθ = 0.10, 0.20, 0.60 N · m/rad; dense sweep of 10
values over [0.02, 0.60]

5

Fig. 3b task-space, cart Kc = 10, 20, 100 N/m; dense sweep of 10 over [5, 280];
cart offset 0.10 m, damping 1.0 N · s/m

5

Fig. 3c finger-space Kθ = 0.1, 0.6 N · m/rad; start offset −5, 0,+5 mm;

descent 10 mm

5

Fig. 3d task-space, cart Kc = 100 N/m fixed; ϕ = 0, −30, −60◦ 5

Online modulation

Fig. 5a finger-space stiffening, [Kmin,Kmax] = [0.10, 0.60], α =
0, 0.3, 2.0 N−1

5

Fig. 5b mixed base Kθ = 0.5 N · m/rad; Gaussian σ = 10 mm, A =
0, 300, 600 N/m, active over the middle half

5

Sensing and force control

Fig. 7b finger-space transmission identification; stiffness triplets from Kθ ∈
[0.05, 1.0] N · m/rad; fingertip forces 0.4 to 1.5 N

200

Fig. 8b finger-space Kd-descent, α = 10−4; square 0.5↔ 0.8 N, 30 s holds,

3 cycles

5

Fig. 8c finger-space dref -descent, α = 5× 10−4; same reference 5

Fig. 8d finger-space open loop, both schemes; staircase 0.4, 0.7, 1.0 N, 60 s

holds

5

Controller validation

Fig. 10a passive, no VMC printed TPU fingers, soft and hard joints, rest angle 30◦ 5

Fig. 10b finger-space Kθ set once per run from the effective stiffness calibra-

tion, piecewise linear interpolation

5

Fig. 10c finger-space feed-forward inversion of the local Kn from the TPU

curves, offset 0.05 N·m/rad; θref -descent for force track-

ing

5

Supplementary experiments

Fig. S8 both extended sweeps, as Fig. 3a and 3b 5

Fig. S9 finger-space softening, [0.10, 0.60], α = 0, 0.3, 2.0 N−1 5

Fig. S10 task-space sigmoidal and polynomial laws on the fingertip element,

joint elements disabled

5

Fig. S11 task, mixed 40 random trials; Kt ∈ [10, 40] N/m, Kθ ∈
[0.01, 0.20] N · m/rad; 1.5 s averaging

40
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Table S5: Virtual element configuration per experiment, ADAPT Hand. One row per figure

panel, giving the element configuration, its parameters, and the number of independent repeti-

tions N .

Panel Configuration Parameters N

Passive compliance

Fig. 4a joint-space Kθ = 0.05, 0.20, 0.60 N · m/rad; strum 0.05 m at

0.30 m/s; ramp 3 s

1

Fig. 4b joint-space Kθ = 0.05, 0.30 N · m/rad; 3 × 100 g; 5 s log after 3 s

settle

1

Online modulation

Fig. 6a task-space uniform 10 N/m → radial/ulnar 200 vs 0.1 N/m; thumb

at a quarter of the finger stiffness; background Kθ = 0.1;

ramp 1 s, record 5 s

1

Fig. 6b task-space Kt = 0.1 (soft), 150 (stiff), soft→stiff after closure

(adaptive); arm 0.50 m at 0.08 m/s, close at 0.20 m

1

Sensing and force control

Fig. 7c task-space probe Ksensing = 20 N/m; sweep 50, 100, 200 N/m;

others held at 100 N/m; record 5 s

5

Fig. 9a, b task-space close at Kt = 40 N/m; Kd-descent α = 10−5, ≤ 5%
change per tick; targets 0.80, 0.20, 0.02 N; converge be-

low 0.07 N for 1 s; descend 0.15 m

1

Controller validation

Fig. 10d joint-space stiff architecture on all kinematic joints; PC1 and PC2

targets

1

Supplementary experiments

Fig. S7 task, mixed force-descent convergence, index and thumb, three con-

figurations

—

Fig. S13 task-space time-resolved force and Kn during the apple grasp 1
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a

20 mm

Kθ

Rotational spring

Normal force (F)

Distance (d)

b
Translational spring (& cart)

Normal force (F)

Distance (d)

Kc

20 mm

Figure S7: Extended stiffness sweep on the single-finger platform. a Normal force-

displacement profiles for the torsional virtual spring at the finger joints, for Kθ = 0.10, 0.20,

and 0.60 N ·m/rad. Loading (solid) and unloading (dashed). b Normal force-displacement pro-

files for the translational (cartesian with sliding cart) virtual spring at the fingertip, for Kc = 10,

20, and 100 N/m. Loading (solid) and unloading (dashed).

Kθ (F)

20 mm

F

Figure S8: Softening of the virtual stiffness under contact. Torsional stiffness at the finger

joints decreases with contact force, from Kmax = 0.60 to Kmin = 0.10 N · m/rad, for various

softening rates, and resulting normal force-displacement curves. Loading (solid) and unloading

(dashed).
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Figure S9: Displacement-dependent stiffness laws: sigmoidal switch and polynomial in-

crease. a Sigmoidal stiffness law transitioning between a maximum and a minimum stiffness

around an inflection point, for different steepness. b Polynomial stiffness law of increasing

order in displacement, and resulting normal force-displacement curves, normalized to the ref-

erence displacement.

D.3: Sigmoidal and polynomial stiffness sweep

Stiffness may also be scheduled on displacement rather than on force, which requires no force

measurement at all and, by Eq. (S7), preserves passivity. Fig. S9 reports two such laws applied

to a single task-space element at the fingertip. The sigmoidal law of Eq. (S9) switches between

two regimes around a threshold displacement, the rate α setting the sharpness of the transition

(Fig. S9a). The polynomial law of Eq. (S8) grows as a power of normalized displacement,

clamped below at Kmin when d is lower than 10 mm. The order p sets how superlinear the

response becomes (Fig. S9b). Both shape the force-displacement curve into forms unattainable

with a fixed linear element, using the same hardware and only a change of software.

D.4: Force prediction for various VMC configurations

The transmission efficiency was identified on the finger-space configuration. We tested whether

it transfers to the others. Fig. S10 shows the task-space (Fig. S10a) and mixed-space layouts

(Fig. S10b). In each, forty trials were run with stiffness drawn uniformly from [10, 40] N/m

in task space and [0.01, 0.20] N · m/rad in joint space, each trial averaged over a 1.5 s window
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Task-space
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Combined-space
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K
t
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Figure S10: Force prediction accuracy for task-space and combined-space VMC configu-

rations.. a Task-space virtual element configuration, with cartesian spring at the finger joints.

b Combined-space configuration, superimposing task-space and joint-space virtual elements.

c Predicted versus measured normal force for the task-space (left) and combined-space (right)

configurations, across randomized stiffness trials. d Combined scatter of predicted versus mea-

sured force for both configurations, colored by the task-space stiffness Kt.
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after settling. Fig. S10c compares predicted against measured normal force, while Fig. S10d

combines the two scatter plots of both configurations, colored by the task-space stiffness Kt.

Although with a lower accuracy compared to the baseline, the prediction maintains an accuracy

above 67% and 55% in the two respective cases, as η characterizes the transmission rather than

the particular choice of virtual elements. This licenses its use in the hand experiments, where

the elements are cartesian rather than torsional.
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E: Description of videos

Supplementary Movie 1: Programmable passive compliance with torsional virtual ele-

ments. Single-finger test bed under torsional virtual springs at MCP, PIP, DIP. The arm presses

the finger onto the load cell and returns while the shared stiffness Kθ is varied between trials.

Supplementary Movie 2: Programmable passive compliance with cartesian virtual ele-

ments. Single-finger test bed under a cartesian virtual spring at the fingertip, constrained to a

virtual cart. The arm presses the finger onto the load cell and returns while the stiffness Kc is

varied between trials.

Supplementary Movie 3: Guitar strumming across stiffness regimes (with sound). The

ADAPT Hand holds a fixed posture under torsional virtual springs while the arm performs a

single upward strum. The posture before contact is identical in all three trials; only the virtual

stiffness differs.

Supplementary Movie 4: Weight bearing under soft and stiff control. The hand holds a

hook posture while an operator adds three 100 g loads in succession, first under a compliant and

then under a stiff controller.

Supplementary Movie 5: In-hand manipulation by stiffness redistribution. The hand

grasps a printed helicoidal cylinder at uniform fingertip stiffness, then redistributes stiffness

towards the radial and subsequently the ulnar digits. The object reorients with no change of

grasp pose.

Supplementary Movie 6: Dynamic grasping under three stiffness schedules. The arm

translates continuously at 8 cm/s while the hand closes onto a yarn ball without interrupting the
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motion, under a stiff, a soft, and an adaptive schedule.

Supplementary Movie 7: Sensorless estimation of object compliance. The hand grasps a

rigid printed sphere, a kitchen sponge, and a yarn ball, probing each at low thumb stiffness and

then squeezing at increasing thumb stiffness while the opposing digits hold.

Supplementary Movie 8: Grip-force regulation while picking an apple. The hand closes

on an apple suspended from an elastic band and adapts its fingertip stiffness by gradient descent

towards a firm, medium, or light force target, before the arm descends and loads the band.

Supplementary Movie 9: Replication of passive elastic fingers. Force-displacement char-

acterization of the two printed TPU fingers used as physical references, for both the soft and

hard passive mechanisms.

Supplementary Movie 10: Pose tracking in free space. With no contact, the same virtual

elements act as a distributed position controller. Two targets are tracked, taken from the first

two principal components of human grasp postures, with no mode switch separating this regime

from other ones.
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Figure S11: Effective stiffness of the torsional virtual spring across initial finger poses.

Effective stiffness for the shifted initial poses (∆z = −5, 0, +5 mm) of Fig. 3c, for Kθ = 0.1
and 0.6 N · m/rad.

F: Description of further results

This section reports additional results related to the experiments of the main text:

1. Effective stiffness during pose sweep

2. Force and stiffness evolution during grasp adaptation

F.1: Effective stiffness during pose sweep

Fig. S11 reports the effective stiffness ∆F/∆d, obtained by linear regression of force against

imposed arm displacement over the descent window, for the three initial arm heights and both

virtual stiffnesses. The effective stiffness increases as the finger begins closer to the plate, since

the torsional elements are already more deflected at the onset of contact, and the separation

between the two Kθ conditions is preserved across poses. Modulation authority is therefore

retained across the workspace even though absolute values shift with configuration, a direct

consequence of the configuration dependence of Jx in Theorem 1.

F.2: Force and stiffness evolution during grasp adaptation

Fig. S12 resolves in time what the main text reports only at its endpoints for the apple grasp

experiment. Fig. S12a shows the mean estimated fingertip force during gradient-descent adapta-
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a b

Figure S12: Time evolution of the estimated fingertip force and stiffness during gradient-

descent adaptation of the apple grasp. a Mean magnitude of the estimated fingertip force

during the gradient-descent adaptation phase, for the firm, medium, and light grasp targets (cf.

Fig. 9). b Mean estimated fingertip stiffness, projected onto the normal direction, during the

same adaptation phase for the three grasp conditions.

tion for the firm, medium, and light targets. Fig. S12b shows the corresponding mean estimated

fingertip stiffness, projected onto the contact normal as Kn = nTKxn. All three conditions

converge monotonically and without overshoot, the light target requiring the largest excursion

in stiffness. The stiffness trajectories make explicit what the force targets imply mechanically:

the three grasps differ not only in the force applied to the apple but in the stiffness with which

that force is defended against the elastic disturbance, and it is the latter that determines when

the hold is lost during the descent.
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